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ABSTRACT 

Cavities of sufficient size to be taken for sink holes have been dissolved down along 
joints in the Joliet limestone. They are filled with Pennsylvanian shale whose deforma- 
tional structures indicate that it has subsided into them as solution progressed. Ac- 
companying deformation of the limestone walls records a down-drag under stylolite- 
making conditions. It is concluded that not all buried “‘sink holes’ at the contact 
of a limestone and an overlying shale formation are relicts of a former karst topography, 
that some such “‘sinks’’ may develop de novo or may become greatly enlarged by solu- 
tional removal of limestone after the shale was deposited. 

GENERAL DESCRIPTION 

The Joliet formation is the lowest of four subdivisions made by 
Savage’ of the Niagaran limestone of Illinois. Two of the outcrop 
areas which he notes in the northeastern part of the state are in- 
cluded in this study, with a third area not reported by him.? The 
three areas may be connected by a nearly straight, nearly north- 
south line 28 miles long, lying very close to the mapped western 
limit of Middle Silurian strata in this part of the state. Joliet is at 
the north end, Lehigh Stone Company’s quarry (7 miles west of 

'T. E. Savage, “Silurian Rocks of Northern Illinois,” Bull. Geol. Soc. Amer., Vol. 
XXXVII (1926), pp. 513-34. 

? Solution features resembling those described herein are known for the three higher 
Niagaran formations, but they are smaller, simpler, and less abundant and have con- 
tributed little to the problem. 
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Kankakee’) at the south end. At both places the exposures are in 
active quarries. The intermediate exposures are in the walls of 
Rock Creek Canyon, 7 miles north of the southern area. 

The features described are chiefly linear joint-controlled cavities 
ranging in width from a few inches to 75 feet and attaining lengths 
of 150 feet (Fig. 1). Some approach circularity in ground plan. They 
occur near the present surface of the formation, decrease in width 
downward, and rarely have connections with each other. Depths ex- 
ceeding 40 feet are known. Where best displayed, at Lehigh quarry, 
they have been called sinks and the surface of the Joliet formation 
there a karst topography.’ They are all filled when found, containing 
shale, sandstone, worn chert pebbles, silicified fossils, and large frag- 
ments of Niagaran limestone. The shale and sandstone are largely 
of stratified Pennsylvanian material, most of it considerably de- 
formed by settling. 

The larger cavities possess horizontal moldings on their walls, de- 
termined by strata edges, the maximum overhang of a molding being 
about 5 feet. The upper surfaces of moldings generally are smoothly 
beveled, the lower surfaces commonly are less regularly truncated. 
Both surfaces may have striae made by movement of the fill in con- 
tact with them. Some have chert pebbles of the fill impressed into 
the upper bevels. 

Other striae occur in the limestone of the moldings along irregular 
and interrupted vertical planes which strike nearly parallel to the 
cavity wall. Some of these striae are obviously stylolites in origin, 
others closely resemble slickensides. But they are all vertically dis- 
continuous, and even where most like slickened fault surfaces, socket 
and column relations are found, so related as to indicate that the 
projecting part of the moldings have gone down. There are all grada- 
tions between these two extremes, and for the series a field term, 
“‘slickolites,”’ has been used during this study. Rock without cavi- 
ties is extensively exposed in quarrying and nowhere exhibits these 
markings. 

Large fragments of Niagaran limestone, derived from former roofs 

3 Not 5 miles east of Kankakee, as stated by Savage. 

4 George E. Ekblaw, ‘Paleozoic Karst Topography,” J/l. State Acad. Sci. Trans., 
Vol. XVII (1924), pp. 208-12. 
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Fic. 1.—Solution cavity at Lehigh quarry after removal of clay. This cavity con- 
tained the deformed fill shown in Figs. 30 and 31. 
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or from great overhanging ledges, occur in the fillings exposed in the 
Lehigh and Joliet quarries. At Rock Creek one of these cavities is a 
cave, exposed by the later canyon-cutting, with its roof still intact. 
The wall rock of the cave has slickolites, and the strata in the lower 
part of the wall are beveled as in the unroofed cavities. 

The solution cavities are very unequally spaced. Lehigh, which 
has the best display of them, possesses two markedly linear groups, 
in each of which the cavities occur along the northeast-southwest 
joint system, and are generally elongated in that direction (rarely 
along the northwest-southeast joint system). Yet there is far more 
joint length unmarked by cavities than so marked. Between these 
parallel groups is a wide area, well exposed by quarrying, with no 
cavities of this kind. 


SHAPES AND CONNECTIONS OF THE CAVITIES 

In all three localities many of the cavities are funnel shaped in 
their upper part, a feature which makes the hypothesis of sink-hole 
origin very attractive. Moldings rarely occur on the slopes of the 
funnel mouths. But these converging slopes commonly are suc- 
ceeded farther down by two nearly vertical walls enclosing a huge 
slot along the solution-enlarged joint crevice, and these slot walls 
are invariably strongly marked by projecting moldings and their 
separating re-entrants. Where no slot exists, the funnel-like slopes 
become flatter with depth, resembling great kettles in cross sections 
at right angles to the joint trace. Some cavities with nearly circular 
ground plan are kettle shaped in all cross sections. 

Most cavity walls fail to slope down to one central lowest place 
on the bottom. The prevailing floor configuration of the elongated 
cavities consists of a series of smaller cavities, bowl-like, arranged in 
a row and separated by low ridges (Fig. 2). The larger circular cavi- 
ties may have the same bottom configuration of several smaller bowls 
in the bottom of the kettle, though the grouping is not linear. Down- 
ward continuation of the original joint may be recognized in these 
bowl bottoms, but it is no wider than the same joint in the wall, 
and its intersection with the flat bottom is almost a right angle. 
Locally, bowls are very deep and may better be styled wells. Bowls 
generally do not have good moldings; wells invariably do. Figure 3 
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shows spurs or cusps of the wall obviously formed by enlargement of 
closely adjacent members of a linear series of wells. These cusps are 
common features of moldings. Some moldings have niches with 
solution-marked walls cut entirely through them. The niches may 
even constitute lateral pockets or small caves back in the wall. Both 





Fic. 2.—Elongated cavity composed of overlapping “‘bowls.”” Lehigh quarry 


of these are taken to be later than the shaping of the general outline 
of the cavity, later than the development of moldings and cusps. 
Some elongated cavities have enough narrowing and shallowing in 
mid-length to justify considering them as two overlapping individual 
cavities on the same joint. In one of these compound cavities the 
separating rock was a bridge 5 feet thick, whose top was about 3 feet 
below the wall summits and which spanned a 5-foot depth of strati- 
fied sandstone, shale, and chert pebbles. The two cavities separated 
by the bridge were about 40 feet deep. The bridge rock had settled 
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somewhat but was still in tight contact with the walls. The stratified 
fill remaining under the bridge at the time of examination was dis- 
torted to fit solution grooves in the underside of the bridge rock. 





Fic. 3.—Cusp in molding wall between two overlapping wells. Lehigh quarry 


The shape of another compound cavity with a bridge is shown in 
Figures 4, 5, and 6. In Figure 4 contours have been drawn only for 
those depths where significant changes in shape occur, and the num- 
bering is from the top. Dotted lines indicate overhang of higher 
parts of the walls. Figure 5 is a longitudinal section; Figure 6 is a 
cross section at the bridge. Figure 6 also shows that, in excavating 
the clay fill in advance of the rock-quarrying operations, the original 
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walls from o down to about 12 feet were also destroyed. Restoration 
of this part is based on description by the workmen. The maximum 
original width was nowhere more than 8-10 feet. In neither of the 
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Fic. 4.—Contoured ground plan of compound cavity with bridge. Lehigh quarry 
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Fic. 5 
Fic. 5.—Longitudinal section of compound cavity with bridge. Lehigh quarry 


Fic. 6.—Cross section of compound cavity with bridge. Lehigh quarry 


two large members of the compound cavity was rock bottom reached 
in cleaning out the shale fill. 

At the National Stone Company’s quarry, Joliet, joint partings 
are more marked and more closely spaced than at Lehigh quarry, 
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and large simple cavities with complete enclosing walls are not com- 
mon. Instead, most of the cavities are compound and connected. 
The simplest ones are individual vertical fissures, clay filled, whose 
sides are fairly plane and well marked by solution. Two such may 
intersect with but little enlargement at the intersection. The close- 
set vertical fissures, both parallel and intersecting, may be connected 
by horizontal or inclined or crooked passages without much vertical 
extent. Where solutional enlargement has gone farther, there may 
be only pillars left of the original narrow. vertical blocks separating 
the clay-filled cavities, only irregular floors separating the nearly 
horizontal cavities. A still further stage in reduction of the lime- 
stone members produces a large collapse structure of rotated blocks 
in a matrix of clay, in which the original position of most of the 
blocks is still decipherable. There are but few conical or well-like 
cavities at Joliet and few flaring, funnel-shaped surface openings. 
One, figured by Fisher in 19255 
ings and bevelings like those in the Lehigh cavities. 

Slocom’ has noted and figured clay pockets in Niagaran limestone 
at Romeo, 8 miles north of Joliet, in a quarry now abandoned and 


and since destroyed, possessed mold- 


filled with water. Every particular of his brief description fits the 
clay pockets described in this paper except for the presence of 
modern shells. Since the Romeo quarry was in the bed of a glacial 
river that later became a swamp, it seems likely that the modern 
shells came from the very top of the fill and, if found lower down, 
were only slide material. Though there was no glacial-river detritus 
in the clay fill, Slocom inclined to the idea that the smooth cavity 
walls were the result of river abrasion. 
ROOFED CAVITIES 

In both of the compound cavities noted at Lehigh the bridge con- 
stitutes a partial roof, and in the second one described there is 
another partial roof at one end (see Fig. 7). The suggestion arises 
at once that the cavities were originally caves whose roofs survive 
only in part. This idea, however, must be supported by other evi- 

5D. J. Fisher, “Geology and Mineral Resources of the Joliet Quadrangle,” ///. 
Geol. Surv., Bull. 51, Fig. 16. 


6 A. W. Slocom, ‘“‘New Crinoids from the Chicago Area,” Field Columbian Museum, 
Pub. 123 (Geol. Series,” Vol. II, No. 10 [1907]). 
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dence before acceptance. The collapsed roof rock should be in the 
cavities now, and the structure of the clay filling should show if it 
already existed when the roof collapse occurred, if it was deposited 
after the caves became open at the top, or if there was some other 
sequence. The first requirement is more information on roofed cavi- 


ties, for, although rare, they do exist. 

Two completely roofed cavities have 
recently been found at Lehigh. One 
was an elongated lateral pocket off the 
side of a large open cavity. It was 40 
feet long, 25 feet in maximum width, 
and 20 feet from ceiling to floor. The 
connection with the larger cavity had 
the full width of the cave but, because 
of a saddle-like ridge of floor rock, was 
only half as high. The roof was 3 or 4 
feet thick and rested on an apparently 
structureless clay fill. The other roofed 
cavity was 25 feet long, 1o feet in 
maximum width, and 15 feet high. Its 
roof was 20 feet thick. It lay close to 
and nearly parallel with the larger 
open cavity, and the only connection, cee” 


a hole about 2 X 2 feet, perforated Fic. 7.—Cross section of roofed 
end of compound cavity with bridge. 





the separating wall. It also was 
filled with structureless clay. It pos- 
sessed moldings on its walls like those in the adjacent open cavity. 


Lehigh quarry. 


The man who has had charge of cleaning out the clay pockets at 
Lehigh quarry for the last fifteen years says that these are the only 
completely roofed cavities he has ever seen here. However, several 
men report that in the old quarry belonging to the same company, 
a mile northwest of the present one, roofed cavities were frequently 
encountered. The abandoned quarry is now brimful of water and 
rubbish. 

Continuity of the limestone walls of Rock Creek Canyon, 7 miles 
north of Lehigh quarry, is repeatedly interrupted by re-entrants, 
most of which are cross sections of rude inverted cones, 20-50 feet 
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deep from the rim to the bottom. Most of them show limestone 
ledges here and there on their slopes, and many of the ledges are 
solution rounded. Beveled surfaces like those in the Lehigh cavities 
are more common than moldings among the solution shapes. More 
than three-fourths of them also show remnants of a fill of clay like 
that in the Lehigh cavities. This postglacial canyon has been cut in 
another cavity-riddled portion of the Joliet formation, here strati- 
graphically lower than at Lehigh. Associated with these open cavi- 
ties are several small caves, the largest known as Horsethief, or 
Indian, Cave. 

This cave is 25 feet long, 12 feet high and wide, and its roof is 
about 35 feet thick. The lower converging walls have the character- 
istic bevel of strata edges shown in many Lehigh cavities. Since the 
cave opens at stream level, the floor is completely covered with 
stream alluvium. The ceiling is entirely a solutional surface and, 
like the walls, possesses irregular pocketings, from a few inches in 
width and depth to the maximum dimensions in a domelike ceiling 
pocket of 5 feet in width and 3 feet in depth (height). Travertine a 
few inches thick occurs on the lower wall slopes, but there are no 
visible remnants of a former clay filling. That the cave has had such 
a filling, however, can be shown from evidence presented under a 
later heading. 

Some of the other roofed solution cavities along the walls of Rock 
Creek Canyon are enterable for as much as 30 feet by crawling. A 
gradually rising floor of earthy material terminates further explora 
tion. They are horizontal tubelike passages, irregular in cross sec- 
tion and ground plan, and with irregular branchings. Some have 
considerable enlargements back along their lengths. All are older 
than the canyon-cutting. They are primitive caves, as are the more 
nearly vertical tubes and passages also to be seen in the canyon 
walls. Most large limestone caverns with which the writer is familiar 
have such abandoned “phreatic tubes” associated with them, 
chiefly along bedding planes and joints, as here. 

In the western wall of the National Stone Company’s quarry at 
Joliet there has been shown during the past few years a solution 
cavity, clay filled and roofed in part but with the roof clearly sub- 
sided. It is the largest clay pocket the quarry company has en- 
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countered and probably the most irregular. Its maximum elonga- 
tion is along the northeast-southwest joint system, but it also has 
irregular extensions along the northwest-southeast joint system. 
The roofed portion, as shown early in 1938 (Fig. 8), is on one of these 
lateral extensions. The roof is about 10 feet thick, its strata slightly 
tilted and faulted by settling. As indicated by the deformation of 
the clay on which it rests, it has settled at least 5 feet. The under- 
side of the roof block is marked by smooth-surfaced irregular pockets 





Fic. 8.—Filled cavity with subsided roof. National Stone Company’s quarry, 
Joliet. (Photo by Lyman Huff.) 


and flutings, confidently interpreted as solutional rather than cor- 
rosional in origin. 

There has not been a complete roof showing at any stage in 
quarrying away this wall. Back on the stripped limestone surface 
above the wall, the clay comes to the top and parts of the margining 
limestone are variously tilted, outlining the existence of blocks 20-30 
feet across, embedded in the clay of the cavity. If a complete roof 
ever existed, it was higher than the present surface, and the roof 
block shown in Figure 8 is but part of a great overhanging ledge, 
broken off higher limestone walls than the cavity now possesses. 
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Marked overhang of limestone ledges above the fill, amounting 
here to a maximum of 30 feet, has been in evidence during much of 
the quarrying-away of this clay pocket. In several smaller clay- 
filled cavities in the quarry’s south wall, sections have shown con- 
tinuous limestone over clay, but these cavities have been found not 
to extend much back of the position of the quarry wall when ob- 
servation begins. These apparently continuous roofs, therefore, may 








Fic. 9.—Limestone block found at bottom of kettle-shaped sink after removal of 


fill. Lehigh quarry. 


have been only marginal overhanging ledges. They are, however, far 
larger than any moldings known. 


DETACHED ROOF BLOCKS AND SLABS 
Already noted is the common occurrence of blocks of Niagara 
limestone in the clay fills. In several cases these blocks can hardly 
be interpreted as other than remnants of much higher walls than now 
exist or of former roofs. 
Figure 9 shows one of two large limestone blocks lying in the bot- 
tom of a kettle-shaped cavity as they were found when the clay was 
removed. It is 15 feet in maximum diameter along its bedding plane. 




















SOLUTION CAVITIES IN THE JOLIET LIMESTONE 349 


Beneath both blocks are remnants of the shale and sandstone fill, 
whose stratification is deformed to fit solution grooves and pockets 
in the undersides of the blocks. There are no re-entrant angles in 
the smoothly beveled cavity walls from which these blocks could 
have come. Nor do the beds in them correspond with anything in 
the walls. The blocks undoubtedly have come down from higher 
walls or from a roof span, early in the episode of filling. 





Fic. 10.—‘‘Roof block” overlying shale fill. Lehigh quarry. (Photo by J. R. 
Kronemyer.) 


Another cavity fill contained a slightly tilted slab of limestone 15 
feet long and 2-3 feet thick (Fig. 10). It lay almost at the top of the 
horizontally stratified filling and at least 20 feet from the top of the 
nearest wall. The bottom side was solution furrowed and pitted 
(Fig. 11). This slab could never have been derived from existing 
walls. Its position and attitude strongly suggest a roof remnant. 

During the cleaning-out of another cavity, a limestone block 8 
feet thick and at least 12 feet long was found whose bedding dipped 
60° into the cavity from the adjacent wall against which the block 
rested. Upper edges of wall and block were in contact but lower 
down there were 2 or 3 feet of intricately contorted stratified shale 
between them (Fig. 12). Clay shale underlay the block. The most 
satisfactory interpretation of these relations is that the tilted block 
was a portion of a higher wall and roof that had subsided by a hing- 
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ing movement into the cavity after a fill had been deposited, and 
that the cavity must have become deepened to allow this subsidence 
of fill and roof rock. 

A few feet of Pleistocene and post-Pleistocene materials overlying 
the flat surface of the Joliet limestone at Lehigh quarry is scraped 





Fic. 11.—Solution-marked underside of ‘‘roof block’’ in Fig. 10. (Photo by George 
S. Monk.) 
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Fic. 12.—Subsided roof or wall block. Lehigh quarry 


off before cleaning of the clay pockets is undertaken. Many cavities 
can then be located by the circumscribed outcrop of clay in the 
limestone flat. In one such situation a limestone block 15 X 20 
feet was revealed not far from the middle of a clay outcrop. Its 
thickness, ascertained later, was 5 feet, and its strata dipped 15°. 
Beneath it the shale was faulted and contorted to fit the irregulari- 
ties of the block. This block can hardly be anything other than a 
portion of a roof. 

Still another instance of foundered roof fragments is recorded in 
three diversely tilted blocks close together and entirely separated 
from the walls by clay fill. They all occur at the top of the present 
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fill, the level of the limestone flat (see Fig. 24). They must have 
settled somewhat since they became separate blocks, a conclusion 
which leads us again to that concept of once higher walls for the 
cavities. 

The largest cavity ever discovered at Lehigh was a complex 
of several overlapping smaller cavities, with a total area of near- 
ly an acre. After the overburden was scraped off, there were no 





Fic. 13.—Ground plan showing floating blocks of limestone in shale outcrop of 
largest ‘‘clay pocket” at Lehigh quarry. 


less than ten mappable unit masses of limestone interrupting the 
shale outcrop (Fig. 13) and an even larger number of blocks too 
small to map. In not one was the bedding horizontal. There were 
eight different dip directions among the ten big masses, and the 
dips ranged from 10° to 55°. Five of the ten were more than 20 
feet long. The largest, 35 feet in length, was 30 feet from the nearest 
wall summit and at the same level. 

At the time of writing, only a bay in the southeast corner of this 
compound cavity had been excavated and only one of the mapped 
blocks exposed. It extended across from one wall almost to the 
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opposite side of the bay. Its thickness was 25 feet. It was warped, 
a dip of 5° at the free edge increasing to 35° at the edge which rested 
on the sloping wall. Beneath it was another block, dipping in from 
the opposite wall (Fig. 14). Between the two and beneath the lower 
block was laminated shale, deformed by the settling of both blocks. 
Dikes and sills of clay breccia had been forced into the opened joints 
and bedding planes of the warped block. Against the walls, the shale 
was markedly down-dragged. Settlement of the limestone blocks 
clearly has been almost wholly vertical, and they can only be roof 

and bridge blocks. 
The limestone of these blocks consistently possesses very thin, 
wavy, and discontinuous laminae of greenish shale demarking a 
series of ‘“augen” of crystalline 





limestone. The wall rock no- 
where shows this character. It is 
concluded therefore that a two- 
storied solution chamber, in 
which the shale was deposited, 





lay in higher strata than now 

Fic. 14.—Roof and bridge blocks in exjst at Lehigh and that subse- 
southeastern bay of Lehigh’s largest clay ? : , : 
sellin quent solution lower down on 
the same joint has allowed both 

the shale and the limestone blocks to settle to present positions. 
The aggregate of deformed limestone blocks and shale thus was a 


cavity fill before the cavity which now holds it was made. 


DISPLACEMENT MARKINGS IN AND ON THE CAVITY WALLS 
There is no more convincing evidence for the thesis of this paper 
than the two different types of displacement markings which occur 
in most of the wall rock of the cavities and none of which occurs 
elsewhere in the formation. The marks are striae, some isolated but 
most of them so closely spaced that they resemble slickensides, 


characteristic of stylolites. In this paper they are termed “‘slicko 
lites.” 

Before describing them, it may be noted that stylolite-marked 
bedding planes are very widespread in the formation. The inter- 
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penetrations are small, vertical, and irregularly cone shaped. Among 
them are no columns with vertical sides, hence no striated surfaces. 
Slabs split along them are rough surfaced, rather unsatisfactory for 
flagstone walks. Clay film partings are associated with them. They 
occur without reference to cavities and cannot be confused with the 
two types of markings in and on the cavity walls. 

Slickolites are closely crowded grooves and ridges along vertical 
or nearly vertical planes that roughly parallel the cavity walls. 
Most slickolites are as steep as possible in the plane. The planes are 
discontinuous both vertically and horizontally, the latter dimension 
everywhere the greater. Alternating half-column and _ half-socket 
relationships are consistently present, with the cavity-ward portion 
of the rock having consistently gone down. No clay films are asso- 
ciated with these partings. Where they occur im the rock of a mold- 
ing, there are no offsets in molding outline to correspond, though 
the displacement may have been 3 or 4 inches. 

Less common are slickolites in wall rock a foot or so back from 
the molding bases. In quarrying, walls tend to break along such 
planes, some fractured surfaces being almost completely covered 
with the markings. Orientation of planes and markings is as in 
the moldings, socket and column relations are the same, and no 
accompanying clay has ever been found. In some cases the wall 
rock is irregularly sliced by several parallel sets of slickolite planes 
(Fig. 15).7 They are as well developed at the top of a wall as they 
are at the bottom. 

In general, the larger cavities show more and better slickolites. 
The relatively small cavities at Joliet have few such markings. At 
Rock Creek Canyon there are only two places with slickolites known, 
but in one of these, Horsethief Cave, slickolites are common in the 

Obviously these markings postdate by millions of years the lithification of the Joliet 
limestone. The Silurian rocks had been warped up between the Mississippi and the Great 
Lakes, and most of the upwarped portion removed by erosion, before deposition of the 
Pennsylvanian sediments of which these cavity fillings consist. The markings are not 


older than Pennsylvanian. The theory of differential pressure in unconsolidated lime 
mud will not explain them. Furthermore, what look suspiciously like Shaub’s “adhesion 
marks” (B. M. Shaub, “The Origin of Stylolites,” Jour. Sed. Pet., Vol. IX [1939], 
pp. 47-61) are found on some of these slickolite surfaces where geologically recent 
solution under vadose conditions has partially removed the striae and brought laminae 
edges out in irregularly etched places. 
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lower wall rock. Three parallel sets of them show in some cases. 
The slickolited fracture planes parallel the wall, dipping in toward 
the cave floor as the lower walls converge. A few occur in the upper 
overhanging walls and there dip away from the cave. In all cases 
relatively thin slices of rock have been dragged down while held so 
firmly against the wall that the socket-and-column interlocking still 
holds them in position. These markings are limited to parallel, 
steeply inclined planes which cut across the bedding. They are not 
le pl tas 


¥ * 





Fic. 15.—‘“‘Slickolites” in wall rock back of moldings. Lehigh quarry 





in any sense bedding-plane stylolites. They are the record of some 
episode in this cave’s history which closely parallels that of the 
open cavities. Never, so far as the writer knows, have slickolites 
been reported from any other cave walls. 

The second type of displacement markings in these Joliet lime- 
stone cavities occurs on the surfaces of moldings and bevels and was 
made by differential movement between fill and wall rock. Com- 
monly they are separate striae or grooves oriented as steeply as 
possible on the sloping surface and bluntly terminating at the lower 
end. Some are so close set that they are essentially slickolites. 
Figure 16 shows a group of larger and more irregular grooves of this 








SOLUTION CAVITIES IN THE JOLIET LIMESTONE 355 


type, made largely by chert and quartz pebbles in the fill. Figure 17 
shows a single pebble an inch long impressed vertically half an inch 
deep into the sloping limestone surface. This type of marking occurs 
abundantly in newly opened cavities in both Joliet and Lehigh 
quarries and seems clearly to imply settlement of fill in their making. 

















Fic. 16.—‘‘Slickolites” on the upper surface of a molding. Lehigh quarry. (Photo 
by William Schmidt.) 


A variant of this type occurs on the undersides of some moldings. 
The socket ends of striae, grooves, and slickolites here are the upper 
ends, and in them are found small impressed bits of chert and 
pyrite. Small shallow concavities on these under surfaces carry the 
markings only on their upper rims or edges. Indubitably, the fill 
moved up relative to the limestone. 

Thus the slopes of a re-entrant between two moldings are marked 
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as they would be if they had approached each other after a fill 
existed. It is interesting to find that, in all cases where both slopes 
carry marks, there is no complete backwall of limestone. Instead, 
an opened bedding plane occurs and a thin, horizontal wedge of clay 


. 


Aa 


. aghae 





Fic. 17.—Chert pebble impressed into upper surface of molding. Lehigh quarry. 
Note striated wall back of pebble. Adhering coat of sandstone on molding surface 
partially surrounds the area containing the pebble. (Photo by William Schmidt.) 


extends back from the angle of the re-entrant into the wall for a 
foot or so. It seems that solution work in the cavity reached back 
into the wall along bedding planes in such places, and, despite the 
introduction of clay, the strata determining the two moldings have 
actually approached each other after both the molding forms and 
the fill existed. 
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All the displacement markings associated with the solution cavi- 
ties tell of movement of the fill, chiefly downward. Some tell of 
settling of wall rock itself, which hardly could so fail under the 
weight at present imposed and, even if it did, would not fail in this 
manner in an exposed wall. Solution was a factor in all these dis- 
placements—solution under the pressure conditions required for 
stylolite-making. Weight of a shale fill settling in contact with the 
wall seems necessary to make the slickolites in and back of the 
moldings. Lateral pressure is required to hold the wall slices tightly 
against the unsliced rock back of them and would be provided by 
this shale fill. 

Yet the fill as it now exists seems wholly inadequate to have 
caused the slipping and stylolite-making in the limestone. A much 
greater thickness is required. That may have existed as a shale 
formation once overlying the present limestone surface. Or the cavi- 
ties may have had much higher walls than now and been filled up 
to an earlier limestone surface, since destroyed by erosion. Or, of 
course, there may have been, in addition to higher walls (deeper 
cavities), a considerable thickness of shale overlying that earlier, 
higher surface. Other data will help us to choose among these possi- 
bilities and to find a cause for the settling. 


DEFORMATION IN CAVITY WALLS FROM SOLUTION ALONG 
BEDDING PLANES 
Local thinning of strata in the face of a cavity wall, with resultant 
settlement and deformation, appears to be due to differential solu- 
tion along bedding planes. One case at Lehigh showed a decrease in 
a stratum’s thickness from 33 feet to 2 feet in a horizontal distance 
of 10 feet. The loss had been from the bottom of the thinned layer, 
and the next lower layer, though uniform in thickness, had been 
warped to fit. There was no clay in the wall, either above or below 
the thinned layer. In another Lehigh cavity a well-marked stratum 
was thinned from 12 inches to 6 inches in a distance of 10 feet, and 
from this point increased to 8 inches in the next 5 feet. It was not 
clear whether the overlying or underlying layers had been deformed 
to adjust to this thinning. A narrow clay layer separated the thinned 
limestone layer from the next one above. 
The best example of bedding-plane solution with consequent 
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settlement of limestone layers, also at Lehigh, showed a corrobora- 
tive feature never seen elsewhere in these cavities. Figure 18 shows 
about 30 feet of the cavity wall, with large moldings. Two of the 
moldings are discontinuous. The lower of the two, shown in Figure 
19, is accompanied by definite arching of the overlying stratum and 
an equally definite thinning of the underlying layer. The bedding 
planes, 14 inches apart at the molding, are only 3 inches apart 6 feet | 
farther to the left. The middle stratum has lost about four-fifths of 
its original thickness at the left, removed apparently from the top. 
The bottom stratum, to the right beneath the discontinuous mold- 
ing, has lost about three-fourths of its original thickness, also from 
the top. The uppermost stratum has retained its original thickness 
but has been deformed by settling. 

The corroborative evidence for this interpretation is found in the 
half-dozen tensional cracks in the face of the discontinuous molding. 
They are radially oriented, some of them as much as an inch wide 
on the surface and a foot deep in the molding. There are also offsets 
on the molding surface along these cracks, reaching a maximum of 
1 inch. 

The rock appears to have failed under stresses produced by this 
reduction in thickness. Stresses were provided by weight of over- 
lying rock, and the molding cracked open toward the present cavity 
whose clay fill was inadequate support for it. The 25 feet of rock 
now in the wall seems wholly inadequate to cause the failure. One 
is led to think of much greater weight, hence greater height of wall. 
Because the edges of the cracks are sharply outlined, the explana- 
tion offered requires that solution on the molding face had ceased 
before the cracks were formed. 

No clay has been thrust back along these bedding planes. Either 
there was no clay fill at the time of bedding-plane solution or settle- 
ment kept pace with the thinning and no open space ever existed. 
Solution along bedding planes seems to have occurred under con- 
ditions different from those of the cavity solution. Perhaps the bed- 
ding-plane solution preceded cavity-making and only by coincidence 
occurs in a cavity wall. However, it is only in cavity walls that the 
phenomenon has been found at Lehigh. 

A cavity with unusual proportions might be expected to show 











Fic. 18.—Local thinning of beds in cavity wall. Lehigh quarry 
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unusual deformational features adapted to that outline. Such a one 
is now described. The main part of the cavity was funnel shaped, 
the strata edges smoothly beveled and without molding outlines for 
25 feet down from the surface. A lateral, trenchlike portion opened 
off the upper part of this funnel with a kind of hanging-valley rela- 
tionship except that the trench was shallowest and narrowest at the 
junction. Away from the funnel-shaped part the linear cavity 
deepened into a series of overlapping, bowl-shaped depressions as 





Fic. 19.—Tensional cracks in lower discontinuous molding shown in Fig. 18 


deep as the funnel itself, the walls marked by good moldings in- 
stead of bevels. The upper part of the walls of this lateral trench 
had maximum dips back into the surrounding limestone of 15° on 
one side and 20° on the other. There was also a definite upwarping 
of the bottom and wall strata at the narrow, shallow junction (or 
downwarping away from it toward the two deeper portions) to 
make, with the dips above noted, a domelike structure where the 
depth was least. Thus along the sides of the linear feature the dips 
were away from the cavity, while at the shallow junction (which 
could be called one end of the linear cavity) the dips were toward the 
cavity. Form seems to have determined in some way the existence 
of this dome structure. 
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LIMESTONE BLOCKS IN THE CAVITY FILLINGS 


Blocks of Niagaran limestone, ranging up to 35 feet in maximum 
diameter, have been found at all depths in the cavity fillings at 
Lehigh and Joliet, their stratification standing at all angles. There 
are some items regarding them, not covered under the topic of roof 
remnants, which need presentation before the fillings themselves 
are considered. In some cavities these blocks are so numerous as 
probably to be in contact in the fill. Other cavities apparently con- 
tain none. Most blocks show pronounced solution markings on their 
undersides and, where stratified clay or sand underlies a block, the 
stratification usually has been deformed to fit the pockets and 
grooves on the bottom of the block. 

The kettle-shaped cavity illustrated in Figure 9 contains two 
large blocks near the bottom of the fill. The figure shows solution 
grooving on the underside of one. Figure 20 is a photograph of a 
fragment of sandstone dug out from this groove. In addition to 
the bending of the laminae, the sandstone possesses close-spaced 
shearing throughout, two sets of shear planes striking subparallel 
with the axis of the pseudofold, crossing each other at 30°-45°, 
dipping more steeply than the laminae and offsetting the stratum 
surface of the fragment to show roof-shingle type of imbrication. 
It can hardly be questioned that the sandstone beneath the block 
was squeezed up into the groove as the solution occurred or that it 
possessed sufficient rigidity to shear at the time of the squeezing. 

The more steeply tilted of the two blocks in this cavity has slicko- 
lites along some bedding planes, so related as to show that the upper 
slabs have moved down along the plane. 

The large irregular cavity in the National Stone Company’s 
quarry whose roof remnant is illustrated in Figure 8 has large sub- 
sided limestone blocks in the main part of the fill, some of which have 
been rotated go° in the settling. They show that feature so common 
to such blocks—marked solution pocketing on the lower sides. Be- 
cause the stratification of the shale and sand above them is only 
moderately disturbed, it seems clear that most of the rotation of the 
blocks occurred at the time they were introduced, not in any later 
subsidence. Since the roof is still largely intact above them, they ap- 
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parently have come from wall-rock falls. One thin limestone slab, 
about 23 feet long, was found in this cavity’s fill, lying parallel with 
the stratified shale and solution-rounded on all sides. Another frag- 
ment completely enclosed in shale was altered on the exterior to a 
dolomitic sand and had a chert nodule projecting from it a full inch 
at right angles to the surrounding surface. Solution of lime- 
stone, even though completely surrounded by shale, seems indi- 
cated. 





Fic. 20.—Bent and sheared sandstone from solution groove on bottom of limestone 
block. Lehigh quarry. (Photo by William Schmidt.) 


At one end of one of the elongated Lehigh cavities was a bouldery 
mass of limestone blocks in contact, many of them too large to have 
fallen in from above. Other evidence indicated that they were wall- 
rock fragments, very little moved or rotated from original positions. 
Yet all showed solutional rounding. One which had been broken by 
the dragline bucket had a plane of good slickolites passing nearly 
vertically through it and cutting the bedding at about 45°. This boul- 
der, after reaching essentially its final position, had been subjected 
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to differential downward pressure and under stylolite-making condi- 
tions had the plane of yielding recorded in this manner. 

Seen only in limestone blocks already excavated from the clay 
pockets at Joliet, never yet found in situ, are half-column and half- 
socket stylolites with striated faces, unusually long and clean cut, oc- 
curring individually or in small groups, widely spaced with unmarked 
surfaces separating them, and variously oriented with reference to 





Fic. 21.—Solution pockets in bottom of limestone block from cavity fill. Lehigh 


quarry. 


other individuals or groups in the same block. Most of them resem- 
ble the slickolite markings on undersides of moldings except that 
different groups are differently oriented. The larger ones appear to 
be boulder penetrations, identical with pebble penetrations of cal- 
careous conglomerates. The smaller ones are clearly markings made 
by adjacent parts of the fill matrix. Both seem to tell unequivocally 
of some movement downward in the filling and of pressure-deter- 
mined and localized solution while surrounded by the clay. 

Figure 21 shows the bottom of a limestone block about 8 feet 
long from one of the Lehigh cavity fills. Like most such blocks, only 
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the bottom is marked by solution pockets. The clay masses re- 
moved have concentric laminations separated by slickened surfaces 
and parallel with the sides of the pockets. All these are records of 
differential solution on block bottoms and upsqueezing of clay into 
the cavities produced. Slight original surface irregularities or varia- 
tions in solubility of the limestone in the block bottom may have 
determined the places of first solutional attack. But immediately 
followed a migration of clay up into the enlarged concavity, and 
thereafter it seems to have been differential pressure rather than dif- 
ferential solubility which continued the local deepening. Slickolite 
markings on the flaring rims of the holes record the presence of coarse 
particles in the entering clay. 








Fic. 22.—Chord section in periphery of compound cavity. Lehigh quarry 


It has been noted that in some cavity fillings limestone blocks and 
slabs are very abundant and probably in contact with each other. A 
section of such a fill has been exposed for years because the Lehigh 
Stone Company, after driving back the quarry wall to the very edge 
of the fill, abandoned work at that place. The section therefore is 
close to and nearly parallel with the wall that has been removed. 
The fill has hardly been touched; its clay outcrop on the stripped 
upper surface shows it to be a large feature, compounded of several 
overlapping cavities (Fig. 13). The section is a short chord of the 
cavity’s periphery. There is rock in place at either end and, because 
the section face slopes toward the quarry while the transected cavity 
wall slopes away from it, there is rock in place at the bottom. 

At first glance this section seems to be a jumble of tilted blocks in 
a matrix of shale and sandstone. But, though complete restoration 
to original positions is impossible, one soon recognizes three rows of 
these tilted blocks (Fig. 22), separated from each other and from 
the bottom by three stratiform members of shale and sandstone and 
overlain by a fourth member. In places there is as much as 3 feet of 
finely laminated shale. Layers of white to gray sandstone, a few 
inches thick, occur here and there in the shale. 
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These three rows of blocks sag in the middle of the section’s 
length, and prevailingly the bedding in the blocks dips away from 
the quarry, into the fill. Some blocks show molding outlines on one 
side. Quarrying operations have had nothing to do with the posi- 
tions and relations described. The favored interpretation is that the 
three rows of blocks are large broken and foundered moldings that 
had become detached from the vanished wall during settlement of 
the fill. Breaking-off of moldings under weight of the shale is a logi- 
cal corollary of the occurrence of slickolites in moldings and their 
invariable testimony to downward movement. Slickolites are the in- 
cipient weakenings that forecast complete separation. 

If these moldings are not to be considered older than the fill, some 
satisfactory procedure must be outlined for introduction of but 
little-deformed shale and sandstone in the re-entrants between them 
as solution etched out the moldings in contact with the fill. This 
point will be considered later. Though this is the best showing, it is 
not the only one of broken moldings enclosed in the clay pockets of 
Lehigh quarry. Assuming that moldings may form in contact with 
a clay fill, it seems reasonable to think that, if broken off by settle- 
ment of fill, new ones may be formed later and the cavity widened in 
this way. 

COMPOSITION OF THE CAVITY FILLINGS 

One safe generalization under this topic is that the material of the 
“clay pockets” is chiefly stratified clay or clay shale, with minor 
amounts of sandstone, chert gravel, and black carbonaceous shale. 
Another is that, in the thirty or more cavity fillings seen in section, 
no two have had the same stratigraphy. 

The clay is either original or re-worked Pennsylvanian fresh-water 
sediment. Recognizable leaf and stem impressions, spores, strata of 
combustible carbonaceous shale, bits of mineral charcoal, and car- 
bonized and pyritized wood fragments are found repeatedly in the 
fills. A partially pyritized tree trunk 1 foot in diameter and 12 feet 
long is reported by the workmen. The larger part of the trunk was 
“charcoal.” 

Sorting of materials is good. The clay shale commonly is lacking 
in silt or sand particles; the sandstone commonly is a clean, white 
quartz sand. Because so much deformation has occurred in these 
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clay pockets, it usually is difficult to determine whether the sand- 
stone originally occurred in lenses. A few sections clearly show thin 
lenses and not continuous beds of sandstone. Sandstone may occur 
at any level in a 40-foot section. Some of it contains scattered chert 
pebbles. None of it shows cross-bedding. 

Though chert gravel has been excavated from some Lehigh cay- 
ities, the writer has never seen it im situ. Workmen report that one 
cavity was “full of flint gravel’’ while an adjacent one had none. 
Pebbles from this gravel, collected from the spoil heaps at Lehigh, 
are generally worn. At Joliet they generally are wholly angular. The 
wear on the Lehigh pebbles is hardly that of waves or streams. There 
are too many deep-surface re-entrants in softer parts of the chert, too 
many irregular projections of the harder parts. Yet the harder- 
ridged surfaces are polished, and some pebbles of uniformly hard 
material might pass for gastroliths. The polishing is imputed to 
movement in a clay matrix. The Lehigh chert pebbles are wholly 
different from any nodules in the Silurian rocks of northeastern 
Illinois; most of those at Joliet cannot be distinguished from Silurian 
chert. 

In the clay pockets interrupting the walls of Rock Creek Canyon 
dense chert pebbles are rare, but silicified organic forms, probably 
Mississippian crinoid calyces,* are common. Most of these are hol- 
low, with geoidal quartz-crystal linings. Most are unworn and with- 
out polished projections. The crinoid calyces have been found also 
at Lehigh and at Joliet but are very rare there. 

Crystalline pyrite nodules, ranging from sand-grain sizes to 1} 
inches in diameter, are common in the clay at Lehigh. Crystal edges 
on the surfaces of some of these are worn. 

Clay or shale is by far the most common constituent in the fillings. 
Only green clay may be found in one cavity, only gray clay in the 
next. Though all the larger cavities have both, green clay may [ill 
the bottom portion and gray clay the upper, or the reverse may oc- 
cur, or green and gray may be interbedded, even interlaminated. 
Commonly the thicker strata of gray clay are true laminated shales. 
Rarely has the green clay been found laminated. 

The combustible carbonaceous shale of a few Lehigh cavities con- 


§ Personal communication from Carey Croneis, University of Chicago. 
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tains spores of Pottsville age,’ pieces of unflattened stems and 
branches, of mineral charcoal, of chert, of limestone, and of pyrite. 
Its coal content is clearly allochthonous, according to the late Dr. 
A. C. Noé. It suggests that the fillings are re-worked Pennsylvanian 
materials, derived from the erosion of surrounding land surfaces of 
Pennsylvanian rock at the time of the filling. 

This idea is only a slight modification of Ekblaw’s interpretation 
but is difficult to adjust to the evidence of settlement so convincingly 
shown in limestone walls, in the included limestone blocks and, as 
presented under the next topic, in the deformation of the fillings 
themselves. 

Insoluble coarser detritus of the pre-Pennsylvanian surface is 
recognizable in the non-Silurian chert pebbles at Lehigh and silicified 
crinoid calyces at Rock Creek. Devonian or Mississippian rocks, or 
both, once existed in the region and were removed before the Penn- 
sylvanian transgression. But this material occurs only in a relatively 
few cavity fills and is not aggregated at the bottoms of these. Were 
the cavities residuals of a karst topography, most of them should 
share in catching the float material. 

If the cavities are post-Pennsylvanian in age and the original lime- 
stone surface into which they were etched had sufficient relief, cavi- 
ties developing at different altitudes on it beneath the Pennsylvanian 
cover would tap different horizons in the Pennsylvanian sediments, 
and their fills could have the known variations in lithologic charac- 
cer. 

Fills of re-worked Pennsylvanian material in closely spaced cav- 
ities should differ but little in character. Streams are necessary to 
bring in the chert pebbles (some are cobbles) and to sort the sand, 
yet very quiet water is necessary for the lamination of the clay shale. 
Cross-bedding should exist in the stream-introduced sand. ‘The facts 
do not support this idea of the genesis of the fillings. 

DEFORMATION OF THE FILLINGS 

Horizontal stratification appears to have been the original struc- 
ture of the material now in the cavities. It is rare today. Simple 
sagging with minute faulting is much more common; “folding” and 


® Personal communication from J. M. Schopf, Illinois Geological Survey. 
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contortion or a thorough brecciation of shale layers are also more 
common. Some extraordinary deformational forms and structures 
are end products. Most of these structures are the result of subsid- 
ence in the cavities, and our chief concern with them will be to dis- 
cover the correct sequence of solution and settling. 

Figure 23 shows one of the simpler deformations of the Lehigh cav- 
ities. The shale, with its thin and lensy interbedded sandstone, ap- 
pears to be essentially horizontal at the right, but at the left the dip 
steepens from the 45° shown to 58° about 30 feet beyond the end of 
the photograph. Furthermore, the strike changes more than 45° in 





Fic. 23.—Simple sagging in shale and sandstone fill of a cavity at Lehigh quarry 
(Photo by George S. Monk.) 


that distance. These cannot be depositional dips; they must be the 
result of settling and can hardly be due to settling by compaction 
alone. 

More interesting is the relationship of the 58° dipping beds to lime- 
stone walls. As shown in Figure 24, the shale with this dip is confined 
between two limestone walls and is continuous across from one wall 
to the other. Furthermore, at both wall contacts the shale is much 
brecciated and slickened and the bending of the edges of the laminae 
shows that shale moved down the right-hand wall while the left- 
hand wall moved down along the shale. Figure 24 also shows that 
still farther to the left is another section of shale which is downbent 
against the island of limestone and which carries three floating 
islands of rock—roof remnants by the writer’s interpretation. It is 
therefore suggested that the larger island is also floating on shale and 
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is only a very large roof block that has settled at least 15 feet, with- 
out tilting, into the wide compound cavity. Still greater settlement 
is indicated under the three roof blocks, producing the down-drag 
along the large island’s left-hand margin. 
N 
Drag 
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Fic. 24.—Shale dipping 58° across from one wall to the other. Lehigh quarry. 
Section is curved, with concavity toward observer. View directions indicated. 





Fic. 25.—Drag folding in shale from a funnel-shaped cavity. Lehigh quarry. 
(Photo by William Schmidt.) 


Stratification of the fill of funnel-shaped cavities generally is paral- 
lel to the beveled wall slope but invariably has numerous minor de- 
formations. The strata may be drag folded, as shown in Figure 25, 
or brecciated, as in Figure 26. In both cases beds affected are bound- 
ed below and above by beds showing little or no deformation. The 
direction of drag is down the slope toward the funnel center. The 
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drag fold illustrated rides on a bedding-plane fault which would pass 
unrecognized were it not for truncation of most of the bent layers on 
the left. Similarly the two brecciated layers in Figure 26 are bedding- 
plane fault zones. The undeformed material is gray shale; the brec- 
cia fragments are of gray and green and tan-colored shale, and of 
limestone, chert, and pyrite, all in a gray matrix. Somewhere up-dip, 





Fic. 26.—Brecciation in shale from funnel-shaped cavity. Lehigh quarry. (Photo 
by Frank Stevenson.) 


these fault zones cut across other materials than the laminated gray 
shale. 

Commonly the funnel-shaped cavities lead down to vertically 
walled slots or wells below, and it is toward and into these that the 
shale has migrated on the funnel slopes. Let us consider the defor- 
mation in such a slot. 

The sandstone “plug” of Figure 27 occurs at the junction of a fun 
nel above and a slot below. It is a downbent portion of a stratum, its 
lower side paralleled by similarly downbent strata of laminated shale 
as far as the excavation had gone at the time of examination. All 
fill in the funnel had already been removed. Though the shale had 
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been thinned notably alongside the plug, continuity still existed 
completely around the downbent portion from one side to the other. 
If the slot was deeper than shown, as it doubtless was, there were no 
attenuated remnants of deeper fill material showing in the exposure. 
All had been punched down past the limestone walls in Figures 27 


and 28. 





Monk.) 


In Figure 27 a right-hand portion of the fill, nearer the observer 
than the plug and not included in Figure 28, is a cross section of two 
moldings and their separating re-entrant. In this re-entrant was ex- 
hibited what many other similarly located sections have shown—a 
parallelism of the shale laminae with the upper surface of the lower 
molding; a drag of laminae ends along the lower surface of the upper 
molding. This occurs just below the level of the plug so that the 
green shale is involved. The position of the laminae, as shown in 
Figure 29, A, is too steep to be the result of original deposition on an 
existing molding. The laminae have been pushed back by weight of 
overlying fill as solution has made the re-entrant. Solution certainly 
has not steepened the slope on which they lie. Minor faulting has oc- 
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curred in this movement, but most of the adjustment has been by 
fairly uniform thinning of the laminae. Apparently the lower side of 
the re-entrant suffered most of the solution. 

Two other relations of laminated shale to molding re-entrants oc- 
cur in other cavities and are shown in Figure 29, B and C. Essen- 
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Fic. 28.—Deformation of the shale and — . ‘ . 
Bait a This section of a slot-cavity fill 
sandstone of Fig. 27. : - 
(Fig. 27) issmall, and only by ex- 
trapolation is a general picture secured. A section so nearly complete 
that it should avoid this objection will now be considered. Two sec- 
tions, in fact, were studied at this place as excavation proceeded in 
the deep, elongated, narrow cavity. The first was a long diagonal 
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Fic. 29.—Structure of shale laminae in re-entrants between moldings. Lehigh 
quarry. 


across from one side to the other; then, as excavation continued, a 
cross section was afforded in the same place. The diagonal section 
will be described first. 

This section was about 40 feet long and 20 feet high. It can be 
understood only if Figure 30 is followed closely and if the limestone 
wall on the left is understood to continue toward the right behind 
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the shale with gradually increasing distance back of the section face 
until past the middle of the section. 

The structure on the left, fairly well deciphered by additional 
excavating, is that of a “fold” with nearly horizontal axial plane. 
The laminated gray shale of the section is doubled on itself by this 
fold, the sandstone fails to appear in the lower limb, the “‘coal”’ is rep- 
resented by only a few squeezed and slickened blocks, and the green 
shale at the top and bottom were connected, before excavation, by a 
bending-out toward the observer. Though the section face is nearly 
vertical, the relationships are those of a denuded plunging anticline 
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Fic. 30.—Diagonal section of deformed fill in an elongated cavity. Lehigh quarry 


seen from above. In mid-section the gray shale is immediately back 
of the green, and the limestone wall only a few feet back of the gray 
shale. 

Laminae were well shown above the axial plane of the fold. Be- 
low it they were difficult to find in the gray shale and almost totally 
lacking in the brecciated green shale. 

On the right the structure of the fill was more difficult to inter- 
pret at this stage in excavation. There seemed to be two ‘‘coal”’ lay- 
ers, and the sandstone did not occur in the same stratigraphic se- 
quence as at the left. What was obvious enough, however, was that 
an equally marked downward movement of the fill had occurred 
close to the opposite limestone wall, that the “coal’’ had been re- 
markably contorted, and that large blocks of limestone were in- 
timately involved in the deformation. 
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In mid-section minutely brecciated green shale comprised the en- 
tire fill except for one limestone boulder about 20 feet below the top 
and a block of minutely sheared coal with slickened surfaces beneath 
it. 

A later visit found this section completely destroyed and a new 
one being made a few feet beyond the right-hand end of Figure 30 
and at right angles to the elongation of the cavity. The shape and 
size of the cavity were now obvious, and the complex deformation on 
the right in Figure 30 could be better understood. 

The new section showed that 
there was only one “coal” at 
the right, that a small fold with 
horizontal axial plane, involving 
only the upper part of the sec- 
tion, had duplicated the coal, 
and that shearing had cut off 
a complete closure. A dashed 





line in Figure 30 indicates the 
break. The thin lower seam 





proved to be as thick as the 

Fic. 31.~Lower part of the down- ypper one farther back in the fill 
punched “‘coal.”” Lehigh quarry. ; ‘ . 
and to be continuous with it. A 
part of the irregularity of the right-hand fold of Figure 30 was due 
to a big block of limestone in it, a broken molding whose fractured 
back face had been somewhat rounded by solution subsequently in 
the shale but whose smooth converging upper and lower surfaces 
were unmistakable. 

The new section was 40 feet high and hardly 12 feet wide. The 
coal could be traced down into it for 273 feet below the cavity rim. 
With much thickening and thinning and several complete interrup- 
tions, it subparalleled both walls and closed across at the bottom, as 
shown in Figure 31. Bedded fragments a foot thick occurred at the 
bottom, the pieces of limestone, chert, etc., in them being original 
members of the seam and not introduced during the deformation. 

The proportions of the cavity, when cleaning was complete, were 
exactly what the structure in Figure 30 demanded. It was more than 
twice as deep beneath the site of the invading green shale as farther to 

















SOLUTION CAVITIES IN THE JOLIET LIMESTONE 375 


the left, a great well with nearly vertical, strongly molded walls below 
remnants of a beveled upper slope. A smaller well without an upper 
funnel part (Fig. 1) lay where the down-dragged coal of Figure 31 
was found. More limestone blocks came to light than are shown in 
Figure 30, derived certainly from higher levels than the present fun- 
nel rim. The bottom of the cavity was below quarry-floor level and 
was left unexcavated. 

Should one pause here and draw conclusions, he must admit that 
deformations of this fill show more than 35 feet of down-punching 
since the shale, sandstone, and coal were deposited. The irregular 
thicknesses and attitudes of strata on the far left and right of Figure 
30 indicate that, even in the lateral portions of the funnel part, 
where unaffected by the invasion structure, there has been marked 
settlement. 

Some instances of very strongly localized penetration of the shale 
into the limestone walls should be considered under this topic. They 
are akin to the conelike pockets on the underside of roof blocks in the 
fills, for all of them are upward penetrations into the lower side of 
wall salients. Figure 32 shows two such penetrations. A dozen or 
more of these were found on the underside of one molding in one 
cavity while cleaning was in progress. They were all vertical and all 
filled with slickened and sheared clay breccia which had entered from 
the main fill below the molding. Their greatest depth was 8 inches. 
No pattern of distribution was detected. All had slickolite markings 
on their flaring mouths and leading well up into them. The slickened 
surfaces in the clay were nearly vertical and well distributed through 
it. There were also traces of a lamination curved to paraliel the 
pocket end and walls. Precisely why they were formed, the writer 
does not know. But can they be anything except vertical up-punch- 
ings of a semiplastic fill, occurring because of greater solution of lime- 
stone at their locations? Whatever their specific explanation, they 
are part of the story of formation of these cavities under the shale 
overburden. 


DEFORMATION OF SANDSTONE BLOCKS IN THE FILLINGS 


There are much more complicated deformations of sandstone than 
simple squeezing up into a solution groove on the bottom of a roof 
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block or simple down-bending in a narrow slot. The records are 
folded strata, shearing, and shapes of blocks. No sandstone has yet 
been found in these fills without one or more of these records. 
Most of the sandstone is massive, and folding commonly is not 
shown. It is best displayed in interbedded shale and sandstone and 
in such cases may approach the intricacy of contortion the shale 
possesses, the folds being small and short, the strikes changing 





Fic. 32.—Solution pockets in the underside of moldings. On the left-hand side of B 
is shown a slice of limestone still adhering to the wall. When split off, a smooth slicko 
lited surface was revealed behind it. This slice had moved up. (Photo by Frank Steven- 
son and William Schmidt.) 


through go” in a few inches, the whole being better termed “‘crum- 
pling” or “‘squeezing”’ than folding. 

Shearing is common and invariably has accompanying offsets on 
the block surfaces. Indeed, this is about the only record of shear, for 
the rock seldom breaks along the shear planes. Rarely, in thin- 
bedded sandstone, the shearing shows in section as a multitude of 
tiny faults. 

The best record of deformation of sandstone is in shapes of the 
blocks. Some of them suggest masses of dough kneaded and rolled 
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in one prevailing direction. The kneaded surfaces may entirely sur- 
round the block and from the evidence of infolded laminae of shale, 
the surfaces are largely original bedding planes, now deformed. Some 
such blocks appear to be sandstone lenses rolled tightly together in 
a series of close wrinkles. 

One good case of deformed sandstone was studied im situ, and its 
relations to the cavity wall and the clay fill were learned. The wall 
here was fluted with lapies-like markings as steep as the molding 
slopes permitted. The furrows were from 3 inch to 1} inches wide, 
some as deep as they were wide, close set like ripple marks. They 
carried slickolite markings that recorded downward movement of 
the fill along the flutings. The best display occurred on the vertical 
back wall of a half-pocket eroded in the molding’s upper surface. 
The pocket, about 4 feet deep, was open at the top and on the side 
toward the main cavity. 

In contact with the fluted back wall of the pocket was a clay 
breccia, an inch or so thick, the particles much flattened parallel to 
the wall and elongated vertically. Next to this clay was a vertical 
slab of sandstone 3 inches thick, with vertical laminae. It followed 
the curvature of the pocket’s back wall through almost a half-circle 
but pinched out on both sides before reaching the main cavity. 

This slab was vertically corrugated on both sides, and its laminae 
were correspondingly bent, to make a reduced and imperfect replica 
of the lapies-like furrows. Traced downward, the sandstone slab 
curved to follow the transition from the pocket’s wall into its bottom. 
Conditions did not allow full exploration of the bottom, but here the 
clay and sandstone were thicker. 

This sandstone slab is a stratum that has been deformed by down- 
bending and stretching to fit the back and bottom of the pocket. 
Weight of overlying material forced it gradually into this position 
as the pocket was dissolved, and the vertical corrugation is a re- 
sponse to development of the furrows. 

The most complicated deformation of a sandstone block yet found 
is shown in Figure 33. Unfortunately, it was not seen in place. The 
block is about 1X23 feet in dimensions and apparently was a 
separate piece when encountered, not broken off a larger mass by the 
dragline bucket. It is of dense white sandstone with siliceous ce- 
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ment. No bedding shows, and the only record of deformation is in 
the irregularities of its surface and in the minute shearing it pos- 
Sesses. 

The surface irregularities are parallel corrugations. They are lim- 
ited to half of one face (2X3) and an adjacent end (1 X2). Figure 33 
shows how they all strike in parallelism along the length of the block 
and how most of them end bluntly at about the same place. On the 
end affected, the corrugation axes are perpendicular to the surface, 





Fic. 33.—End view of sandstone block with corrugations. Lehigh quarry. (Photo 
by Frank Stevenson.) 


and the shapes therefore are deep irregular slots, some of which 
penetrate 5—6 inches into the block and are half-surrounded to com- 
pletely surrounded by the endwise projections of the separating 
ridges. One groove cuts completely through the tapered margin of the 
block. Some of the grooves and slots are compound, with smaller 
ridges and grooves on their walls. Depths of grooves vary, but no 
ridges project beyond the general surface of the block. 

When the boulder was found in the spoil heap, all the grooves were 
tightly filled with green clay, and, as this was cleaned out, a folding 
of some stratiform structure in the clay was repeatedly observed, 
conforming to the bounding walls of sandstone. 

Multitudes of shear planes cross the corrugations, occurring in two 
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sets which cross each other at a little more than a right angle along 
the corrugation lengths. They penetrate the rock at various angles, 
sloping both ways from perpendicular but none as much as 45°. 
Slight offsets along these shear planes can be seen in Figure 33. 
Along one set little clastic dikes of sandstone cross the grooves but 
not the ridges. They were revealed when the clay was removed. 

Taken alone, this block’s deformed surface would probably be a 
complete puzzle. Knowing that the grooves were filled with clay and 
that the block came from one of the subsided fillings at Lehigh 
quarry, one suspects that the corrugations may be foldings or wrin- 
klings caused by the subsidence. 

Though no specific analysis of stresses in production of this sur- 
face will be attempted, the deformation implies what down-dragged, 
faulted, contorted ‘“‘coal’’ seams imply, what drag-folding in shale 
and bending in sandstone plugs and squeezing of sandstone slabs im- 
ply, what slickolites on and in wall rock and ruptured moldings in 
fills imply. All these are subsidence adjustments to load differen- 
tially applied as the cavities became irregularly enlarged beneath an 
adequately thick cover of weak shales and sandstones. 


ORIGIN OF THE CAVITIES 

Some of these cavities are caves, and many of them appear to have 
had roofs at one time. One interpretation therefore is that the cav- 
ities are relics of a cave system and that roof failure under load of 
Pennsylvanian shale has allowed entrance of the filling materials. 
This need not have been an abrupt falling-in. The roof could have 
failed locally, and through the perforation shale might have entered 
to spread laterally beneath still-roofed portions. During this time 
other fragments of roof might become detached and thus embedded 
at various levels in the fill. The invasion structures in Figures 27, 28, 
30, and 31 come nearest to what this mechanism would conceivably 
produce, yet in them is satisfactory evidence that the invasions were 
very slow. A preservation of original stratification, or a re-stratifica- 
tion of detritus, such as in Figure 23, seems impossible to explain 
this way. 

How, then, were the caves filled? The one with only a 2-foot side 
entrance from a larger and open cavity must have received its ap- 
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proximately 2,000 cubic feet of fill entirely by lateral migration of the 
shale through this opening. The shale in the cave had no stratifica- 
tion, was wholly a structureless clay or a minute breccia—facts 
which support the idea proposed. 

Walls of the three caves known have slickolites and bevelings 
(Horsethief) and moldings (Lehigh). Experiences with water and a 
settling fill, similar to those of open cavities, are indicated. Horse- 
thief’s slickolites must be related to settlement in a former open cav- 
ity where the stream now flows, of which the cave was a large lateral 
pocket. Caves developed beneath a Pennsylvanian cover can contain 
only brecciated fills. Then if limestone blocks overlying a stratified 
fill record a former cave roof, that cave and the breaking-through 
of its roof must antedate the Pennsylvanian (or the re-working of 
Pennsylvanian material). Its stratified fill has been made in a cav- 
ity, even though there is good evidence for later enlargement of cav- 
ity and subsidence of fill. 

Least resembling former caves are the funnel-shaped cavities 
whose slopes bevel strata edges and possess no horizontal niches or 
projecting moldings. From their shapes they might be considered 
as bottoms of former sinks. Their fills show the minimum of defor- 
mation, this agreeing with the above suggestion. But the idea should 
be supported by evidence of a once weathered condition of their 
slopes. The Joliet limestone at Lehigh contains enough finely dis- 
seminated pyrite to make the walls of cavities excavated ten years 
ago brownish in color because of oxidation. But the limestone ex- 
posed in freshly opened cavity walls is hard, dense, and gray, and its 
surface is clean cut right against the shale fill. There is no evidence 
for weathering before the fills were made. Though the funnels may 
be relics of a pre-Pennsylvanian karst topography, one important 
supporting evidence is lacking. 

Furthermore, the bottom of the kettle-shaped cavity shown in 
Figure 9 consists of three overlapping funnel-like depressions with 
fairly sharp salients of hard limestone at their intersections. Such 
salients would be especially susceptible to solutional attack in any 
sink walls. A sink with multiple bottoms seems an oddity, anyway. 
Still further, vertical walls surround the group of funnels, and big 
blocks of roof or higher wall rock lie on the bottom. Had postcavity 
truncation here occurred down to the bottom of the vertical walls, 
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the record would be identical with that of other funnels. If vanished 
upper portions of funnels flared like the surviving parts, there would 
have been little opportunity for gathering the limestone blocks in 
their fills. 

The slots and wells of the Lehigh quarry exposures are the most 
challenging forms. Their moldings have been solutionally produced, 
as have the pockets that interrupt or penetrate the moldings. To 
make the moldings is to widen the slots, for broken-off though but 
little-subsided moldings occur in the fills with parent-walls back of 
them possessing apparently a new generation of moldings. Slicko- 
lites are the incipient fracturing of moldings due to weight of fill. All 
these features indicate the presence of fill and its settlement while 
solution of the wells and slots was occurring. Deepening under the 
fill load is amply attested by the invasion deformations of the strati- 
fied fillings. Rigidity of the fill material sufficient to impress pieces 
of chert and pyrite into the limestone existed during the deforma- 
tion. The vertical extent of the down-punching, traced on one bed, 
is more than half, probably two-thirds, of the depth of the slot—far 
too much to ascribe to compaction."° 

Solution of slots and wells, therefore, occurred along joints while 
shale constantly was forced down and constantly was in contact with 
walls and bottom. Despite decrease in pressure with increasing depth 
because of friction in a narrow cavity, there still was pressure enough 
to form slickolites in limestone well down in slots and even by up- 
ward components of the downthrust. If this explanation be accept- 
ed, one turns at once to consider the circulation of ground water 
which did the work. Much more deepening than widening has oc- 
curred. Solution, therefore, was most vigorous at the bottom of the 
filled cavities. This was not due to greater solubility of rock along 
the joints and probably not to greater pressure of fill at the bottom 
than along the sides. It must, therefore, have been the result of 
greater volume of flow or of greater solvent effectiveness of circulat- 
ing water at the level of cavity bottoms. 

In a personal communication, Marvin Weller reports from his extensive experi- 
ence with Pennsylvanian clays and shales that compaction has been greatest in 
the highly organic shales, least where the organic content is lowest. The Lehigh and 
Joliet fillings have but little organic matter. Isolated sticks found in the clay are not 
notably flattened. 
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Whatever factors add to solvent effectiveness must decrease in 
importance as saturation is approached, while a vigorous circulation 
will need no favoring special factors and is inherently most prob- 
able. If the region carried a cover of Pennsylvanian shale at the 
time, local rainfall can hardly be expected to keep the joints in the 
limestone adequately supplied with circulating water. Since most 
solution occurred at the bottoms of the cavities, an artesian circula- 
tion beneath the tight shale seems a more satisfactory concept. Let 
us consider its possibility for this region. 

The Joliet limestone outcrop is on the west slope of the Niagaran 
cuesta, a low and drift-buried feature in northeastern Illinois. ‘The 
only river crossings today are Pleistocene in age. There are no known 
or suspected drift-buried preglacial valleys across it south of Green 
Bay, Wisconsin. The cuesta was clearly a major water-parting in pre- 
glacial times. 

It was an upland also in Pennsylvanian time. The Niagaran for- 
mations along the Mississippi to the west were once continuous with 
the Niagaran of eastern Illinois and Wisconsin. Broad uplift in 
north-central Illinois and south-central Wisconsin exposed these for- 
mations to erosion, and there was truncation essentially to present 
conditions before Pennsylvanian deposition occurred. The Pennsyl- 
vanian cover, since removed from the cuesta summit, still is intact a 
few miles west of Joliet and Lehigh. The cavity fills are Pennsylva- 
nian outliers. So are tracts of sandstone and clay, with maximum re- 
ported thickness of 85 feet, between the drift and the Niagaran lime- 
stone in and about the city of Kankakee. A pre-Pennsylvanian re- 
lief of at least 100 feet is indicated for the cuesta. 

The very gentle dip of the Joliet and other Niagaran formations is 
eastward. Their western, up-dip edges were overlain by Pennsy]- 
vanian shales for perhaps much of Mesozoic time. This cover was a 
seal for the artesian circulation considered; hence no water entered 
from the west. The cover, however, may not have existed much 
farther north where wells in Niagaran limestone at Joliet, Lockport, 
Chicago, and Crete have shown artesian pressure. It seems that 
only if water migrated southward, approximately along the strike, 
from higher country to the north, could the joints in this buried 
cuesta have carried artesian water. 
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We know that solution work ceased before the cracking shown in 
Figure 19. Artesian circulation as a cause provides for an end of the 
solutional enlargement, dating from the removal of the Pennsylva- 
nian cover. Under the alternative view of solution by descending 
water, there is no reason why it should not have continued to the 
present unless load was a prerequisite. 

The picture of an artesian circulation would seem to require con- 
tinuous solutional widening along a given joint rather than a line of 
cavities with the joint fairly tight between them. An original con- 
tinuity at a higher and vanished level does not solve the problem at 
the remaining lower levels. One thinks again of these cavities as the 
bottoms of sink holes. If specially favoring conditions for solution 
existed where shale made contact with limestone, the problem would 
be greatly simplified. There appear to be but two possibilities here 
differential pressure of the shale overburden and the highly pyritic 
content of the shale. For reasons stated elsewhere neither seems a 
very satisfactory explanation. 

Another picture that satisfies some but not all the requirements is 
of a pre-Pennsylvanian phreatic cave system, the necessary connec- 
tions existing at higher levels in the limestone, since destroyed. Seri- 
ous objections have already been stated, and the known caves may 
as well be post-Pennsylvanian, as are the slots and wells. 

The flat surface of the Joliet limestone in and about Lehigh, buried 
by a few feet of Pleistocene and post-Pleistocene material, is only 
slightly weathered. Brownish colors occur along cracks for 5-10 feet 
down, and the uppermost slabs may be softened, though usable. 
This condition is widespread, indicating geologically recent removal 
of the preglacial weathered zone. Drainage is poor; the quarry site is 
reported to have been too wet for farming, and the company’s aban- 
doned quarry stands brimful of water. It seems probable that the 
water table never has been lower in this rock than today. There has 
been no oxidation of pyrite in the fillings or as drusy coatings on 
some limestone walls. 

It has been repeatedly pointed out that these cavities once had 
higher walls. The broad limestone flat, therefore, is much younger 


than the remaining cavities and may perhaps be a product of glacial 
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and fluvioglacial erosion." This conclusion is well supported by the 
discovery of remnants of the weathered upper part of the formation 
along the Pleistocene cliffed valley of Kankakee River west of Bour- 
bonnais. Along joints and bedding planes the limestone beneath the 
drift is weathered to a soft dolomite sand to the full depth of expo- 
sure, 6 feet. In a network fashion, these roots of a weathered zone 
enclose blocks of soft, friable rock which grade away from the joints 
into fairly firm limestone at the same depth. At Lehigh not even the 
lower tips of such roots occur in the limestone flat. 


CONCLUSION 

No pre-Pennsylvanian karst topography survives in these cavities 
in the Joliet limestone. If there were sinks and caves of that time, 
they have since been much modified by further solution under 
weight of overlying Pennsylvanian sediments which constantly sub- 
sided into the enlarging joint crevices. Slots and wells, the common- 
est types, are wholly post-Pennsylvanian in origin. Solution was 
most vigorous at the bottom of the settling shale where it made con- 
tact with the water-carrying joint below. 
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SOME FEATURES OF FAULTING IN SOUTHERN 
CALIFORNIA 


WILLIAM J. MILLER 
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ABSTRACT 


Southern California is a mosaic of fault blocks traversed by the great San Andreas 
strike-slip fault. Most of the more important faults and their trends are described 
in this paper. Steep-dipping faults are by far most numerous. Some (and possibly 
many) of these have proved to be thrust, rather than normal, faults. 

Horizontal components of faulting are common, ranging from less than an inch to 
many miles, showing the importance of horizontal stresses particularly in the case of 
the San Andreas fault. Vertical components of faulting range through all amounts to 
fully 4 miles, those of several thousand feet being very common. 

Various minor faults, extending out at high angles to the main ones, strongly sug- 
gest effects of torsional stresses. There are some large-scale examples of pivotal faulting. 
Deformation of fault blocks is common. The problem of the ‘“‘Transverse Ranges”’ is 
discussed. 

Important fault movements occurred throughout Cenozoic time with probably 
the greatest activity during the later Miocene and the Quaternary. Many faults are 
ill active. 

\ theory has been set forth at some length in an attempt to explain the nature, 
magnitude, and direction of application of the forces involved in the production of the 
fault pattern of southern California. 


st 


INTRODUCTION 

Since 1924 the writer has been engaged in a study of the crystal- 
line rocks of the southern one-fourth of California. This work has 
taken him into every part of the region. Many areas have been 
mapped geologically in considerable detail. In the course of the 
work, a great many observations have been made on the fault phe- 
nomena. In view of the fact that southern California presents such 
a remarkable assemblage of large and small faults, the writer has 
deemed it advisable to publish herewith his own field observations 
and interpretations as a contribution to the solution of the various 
problems involved. Observations and interpretations by other work- 
ers are discussed pro and con. An important object of the paper is 
to present a theory in regard to the nature and application of the 
forces which have produced the fault features of southern California. 

lhe accompanying map (Fig. 1), compiled from various sources, 
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includes both published and unpublished work by the writer. There 
is no attempt to show on this map many hundreds of more or less 
known small faults. 

THE MAJOR FAULTS 

The great master fault of the region is the San Andreas fault, one 
of the greatest high-angle fractures in North America. It is known 
to extend from near the southeastern tip of California to Point 
Arena in Mendocino County where it passes into the sea. It extends 
for several hundred miles across southern California in a general 
northwesterly direction as shown on the accompanying map (Fig. 1). 
Noble, who is most familiar with this part of the fault, says that the 
comparatively “straight and continuous fault is the San Andreas 
fault—unquestionably the master fault. Bordering the master fault 
is a belt of roughly parallel branching and interlacing fractures which 
in places attains a width of 6 miles.’” He calls this belt of faults the 
“San Andreas fault zone” and the main fault and the fault zone to- 
gether the “San Andreas rift.’”’ That portion of California lying near 
the fault on its southwest side has in general moved north while 
that portion near the fault on the opposite side has moved south. 
It is thus a great strike-slip fault. Vertical movements ranging to 
thousands of feet have occurred along this generally steep-dipping 
fault in southern California. There are two prominent bends in the 
San Andreas fault, opposite the Tehachapi and San Bernardino 
Mountains, respectively. These and other important facts in con- 
nection with the San Andreas fault are discussed beyond under 
various captions. 

Two important faults, to the north of the San Andreas fault in 
the region under consideration, deserve special mention. One of these 
is the profound Sierra Nevada fault along the southeastern base of 
the southern Sierra Nevada and Tehachapi Mountains which have 
been uplifted thousands of feet above the immediately adjacent 
Mohave Desert region. It joins the San Andreas fault. The other 
is the Garlock fault which, starting from the San Andreas fault, cuts 
through the Tehachapi Mountains, crosses the Sierra Nevada fault, 





«LL. F. Noble, ‘“The San Andreas Fault and Some Other Active Faults in the Desert 
Region of Southeastern California,” Carnegie Inst. Wash. Year Book 25 (1925-26), 
pp. 410-22. 
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and then extends many miles along the northern side of the Mohave 
Desert as shown on the accompanying map. It is one of the three 
or four most important faults (or fault zones) in southern California. 
Vertical movements of many thousands of feet have occurred along 
this fault, and also horizontal shifting of several miles. 

Two other important fault zones on the north side of the San 
Andreas fault should be mentioned. One extends along the northern 
side of the San Bernardino Mountains, and the other along the 
northern sides of the Little San Bernardino and Pinto Mountains. 
Each is a fault zone with a general east-west trend, and a length 
of about 60 miles. Vertical displacements along these faults run to 
several thousand feet. 

To the southwest of the San Andreas fault there are several im- 
portant faults. One of these is the San Jacinto fault (see map). 
Branching off the San Andreas fault, it extends many miles through 
the northeastern flank of the San Gabriel Mountains, thence under 
the broad alluviated valley near San Bernardino, along the south- 
western bases of San Jacinto and Santa Rosa Mountains, and under 
the alluvium of the Imperial Valley. It is a fine example of a re- 
markably straight fault zone nearly 200 miles long. Vertical dis- 
placements along it run to fully 7,000 and 8,000 feet. It roughly 
parallels the San Andreas fault. 

The Elsinore fault parallels the San Jacinto fault for 175 miles 
about 20-25 miles southwest of the latter. It extends along the 
northeastern base of the Santa Ana Mountains, thence through the 
Peninsular Mountains of San Diego County, and for an unknown 
distance along the eastern foot of the Peninsular Mountains of 
Lower California. It is for most part a fault zone with vertical dis- 
placements of several thousand feet. 

The Inglewood fault, or rather fault zone, is a much shorter and 
less conspicuous fault, but it deserves special mention because of 
certain interesting features in connection with it. It extends about 
50 miles in a southeasterly direction through the southwestern part 
of the Los Angeles metropolitan district, through Long Beach and 
Newport Beach, and thence for an unknown distance under the sea. 
It is parallel to and about 25 miles southwest of the northern part 
of the Elsinore fault. 
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The San Gabriel fault, about 1oo miles long, extends westward 
through the San Gabriel Mountains and thence northwestward for 
many miles to join the San Andreas fault zone near its junction with 
the Garlock fault (see map). Vertical movements ranging to many 
thousands of feet have occurred along it. A horizontal movement of 
several miles has probably taken place along the northwestern part 
of this fault, the southwestern side probably having moved north- 
westward. This part of the fault is a normal fault with a steep dip 
to the east, while that part of the fault in the San Gabriel Moun- 
tains is practically vertical. 

An important fault (or fault zone), called the Sierra Madre fault, 
extends for 60 miles along the southern and southwestern base of the 
San Gabriel Mountains. Vertical displacements of 5,000-10,000 feet 
occur along this fault. It joins the San Andreas fault near San Ber- 
nardino. 

A prominent fault, known as the Santa Ynez fault, extends east- 
west for more than 100 miles along the north base of the Santa 
Ynez Mountains and thence through the mountains of northern 
Ventura County. Several other important faults occur still farther 
north of Santa Barbara, but these are not familiar to the writer. 


IMPORTANT MINOR FAULTS 

Thousands of minor faults exist in southern California. Of these 
only the rather definitely located ones, varying in length from several 
miles to 25 or 30 miles, are indicated on the accompanying map. 
There are scores of these. Little or no attempt has been made to 
show still smaller faults which are exceedingly numerous, particu- 
larly in the crystalline rocks in the general vicinity of the San 
Andreas fault zone. Minor faults are very common and often are 
important components of all the major fault zones. Scores of small 
faults, with displacements of the order of magnitude of a few yards 
or less, are often found within areas of a few square miles, and miles 
from the major faults. Faults ranging from a few hundred feet to a 
few miles in length occur by hundreds and still smaller ones by 
thousands, especially in the large masses of brittle crystalline rocks, 
and more especially in those within 25 miles of the San Andreas 
fault. Thus, in regard to the San Gabriel Mountains, occupying 
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1,200 square miles, the writer? stated some years ago that he had 
never seen another rock mass of comparable size so remarkably frac- 
tured. It is often difficult to trim hand specimens because of the 
numerous obvious and incipient fractures along many of which small 
movements have occurred as proved by slickensides. Many small 
and large fault crush-zones occur. There are also numerous sharply 
defined small faults, such as faulted dikes of a few feet or yards 
displacement. 

Noble? has proved the highly faulted and sheared nature of the 
eastern part of the San Bernardino Mountains. 

Henderson,‘ after a detailed study based upon both surface map- 
ping and observations within the 13-mile long aqueduct tunnel, has 
proved the highly faulted and sheared nature of the rugged foothill 
region forming the northwestern part of the San Jacinto Mountains. 
His map shows more than twenty steep-dipping faults, arranged in 
two general sets. 

The writer has observed the highly faulted and sheared structure 
of the Little San Bernardino Mountains in and near the Colorado 
River aqueduct. Detailed studies will no doubt reveal many other 
highly faulted regions similar to those just mentioned. 

The distinctly uneven distribution of known minor faults shown 
on the accompanying map is because some areas have been geologi- 
cally mapped, while others remain unmapped, or are so widely 
covered with alluvium that fault data are unknown. Thus, mapped 
faults are conspicuously lacking in the northwestern part of the 
Mohave Desert and in the desert region between Blythe, El Centro, 
and Salton Sea. Many hundreds of very small more or less known 
faults are not shown on the map. 

Another fact of much importance in regard to the distribution of 
faults is that, with the exceptions of the Garlock and Sierra Nevada 
faults, the region north of the San Andreas fault is much less pro- 
foundly faulted than that to the south of it. The latter region is so 


2W. J. Miller, ‘Geomorphology of the Southwestern San Gabriel Mountains of 
California,” Univ. Calif. Pub., Bull. Dept. Geol. Sci., Vol. XVII (1928), pp. 203-4. 

3 “Southern California,” Guidebook 15, 16th Internat. Geol. Cong. (1932), Pl. 3. 

4L. H. Henderson, ‘‘Detailed Geological Mapping and Fault Studies of the San 
Jacinto Tunnel Line and Vicinity,”’ Jour. Geol., Vol. XLVII (1939), pp. 314-24. 
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dominated by large shear and high-angle thrust faults that it has 
been cut or sliced into large, comparatively narrow blocks, most of 
them approximately parallel to the San Andreas fault. Further- 
more, while this whole faulted region has moved northwestward 
en masse against the San Andreas fault, many of the individual 
blocks or slices within it have moved differentially in the same gen- 
eral direction. 
FAULT TRENDS 

A large number of the mapped faults—both major and important 
minor ones—show a general northwesterly trend, that is, roughly 
parallel to the master San Andreas fault which, as already stated, 
is strongly bent out of its usual course at two places. This is strik- 
ingly and significantly the case on the seaward side of the master 
fault. Even in the Mohave Desert region, however, a northwesterly 
trend is more common than any other. 

To the northwesterly trending system of faults, including the San 
Andreas, San Jacinto, Elsinore, and Inglewood faults, there should 
be added several other important ones within 100 miles offshore. 
Thus San Clemente and Santa Catalina Islands are above-sea por- 
tions of two block-mountain ranges, each many miles long, as rather 
definitely shown by the new submarine contour map. Without doubt 
this offshore region is highly faulted in a manner similar to that of 
the general mainland region. 

Another, though less important, system includes faults which 
trend east-west in general. These extend away from the general 
trend of the San Andreas fault at angles of approximately 45°. They 
are particularly common and significant in the belt of so-called 
Transverse Ranges shown on the map and described beyond. More 
important ones in this system include the Santa Ynez fault, various 
faults in Ventura County, the eastern part of the San Gabriel fault, 
the fault zone on the north side of the San Bernardino Mountains, 
and the Sierra Madre, Pinto, and Hayfield faults. Northeasterly 
trending faults are not common. Of these, the Garlock fault is by 
far the most prominent. A number of minor examples occur in the 
San Gabriel Mountains and in the region northwest of them, and 
also in the Peninsular Mountains of San Diego County. 

A number of widely scattered faults trend approximately north- 
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south. Conspicuous among these are the Sierra Nevada and Kern 
Canyon faults in the southern Sierra Nevada, the fault along the 
west base of the Dead and Sacramento Mountains near Needles, 
the Palm Springs fault along the east base of the San Jacinto 
Mountains, and various faults in the Peninsular Range of San Diego 
County. 

Trends other than those mentioned are relatively rare and in- 
conspicuous. 

The strong bending or curving of the southern part of the Sierra 
Nevada block, including the Tehachapi Mountains, westward 
against the San Andreas fault is an important feature. Here the 
generally northwesterly trending Sierra Nevada fault at the base 
of the curving block swings to a southerly course and joins the 
southwesterly trending Garlock fault zone. 


RELATIVE IMPORTANCE OF NORMAL AND THRUST FAULTING 

Many of the larger faults, in the geologically better known part 
of southern California, lying between the Little San Bernardino 
Mountains and San Luis Obispo, seem to be high-angle thrusts. 
About as many of these dip north to northeast as south to southwest, 
thus indicating no very pronounced difference in direction or amount 
of application of pressure, or reaction to pressure, which produced 
them. About twenty of these thrust faults are shown on the recent 
tectonic map of this part of California published by Reed and Hol- 
lister.s Very few of them anywhere dip less than 25°, most of them 
ranging between 45° and go”. In this region various large and small 
fault blocks have been upsqueezed between high-angle, indipping 
thrust faults. Some rather definitely known examples will now be 
given. 

Most of the San Gabriel mountain mass, 70 miles long and con- 
sisting almost entirely of pre-Cretaceous crystalline rocks, has been 
uplifted thousands of feet between vertical or steep indipping thrust 
faults along the north and south sides. Thus Hill® showed that such 


5 R. D. Reed and J.S. Hollister, Structural Evolution of Southern California (Tulsa: 
Amer. Assoc. Pet. Geol., 1936), map in pocket. 

6M. L. Hill, ‘Structure of the San Gabriel Mountains North of Los Angeles, 
California,” Univ. Calif. Pub., Bull. Dept. Geol. Sci., Vol. XIX (1930), pp. 133-70. 
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faults occur along the southwestern side of the range, and the 
writer? presented more evidence indicating strongly that the whole 
Sierra Madre fault (or fault zone) along the southern base of the 
range is of the general nature of a high-angle north-dipping thrust. 
Mention may be made of two important observations by the writer 
along this fault. About 4 miles east of Glendora, the actual fault 
is plainly exposed dipping into the mountains at 70° with pre- 
Cretaceous crystallines thrust upon the Miocene. The other locality 
is on the east slope of lower Arroyo Seco Canyon, 6 miles north- 
northwest of Pasadena, where ancient crystalline rocks are thrust 
upon Quaternary alluvium, the fault dipping into the general moun- 
tain front at an angle of about 45°. This is in the Sierra Madre fault 
zone. Across the Arroyo from this locality, the prominent terrace, 
covered with Quaternary alluvium, is cut sharply by a vertical 
branch fault of the Sierra Madre fault zone. Noble,* in his study of 
the San Andreas fault zone along the northern side of the range, 
has shown the existence of important, steep south-dipping thrusts 
in that part of the great zone. The San Gabriel Mountains for most 
part, then, represent a great upsqueezed block between steep, in- 
dipping thrust faults. Willis, in his very recent paper,’ devotes 
nearly six pages to a discussion of this subject, apparently unaware 
of the fact that the present writer published’® much of the same data, 
together with other data, and came to the same general conclusion 
five years earlier. In view of the fact that this important evidence 
has been presented by the writer, it need not be repeated here. 

A similar structure for the San Bernardino mountain block is not 
quite so well proved, but there is considerable positive evidence for 
it. These mountains also consist largely of pre-Cretaceous crystal- 
line rocks. Vaughan" says that there is plain evidence of high-angle, 

i Miller, ““Geology of the Western San Gabriel Mountains of California,” Univ. 
Calif. at Los Angeles Pub., Math. and Phys. Sci., Vol. I (1934), pp. 78-82. 

8 “The San Andreas Fault and Other Active Faults in the Desert Region of Southern 
California,”’ Seis. Soc. Amer. Bull., Vol. XVII (1927), p. 27. 

’ Bailey Willis, “San Andreas Rift in Southwestern California,” Jour. Geol., Vol. 
XLVI (1938), pp. 1017-57. 

‘© Miller, ‘“‘Geology of the Western San Gabriel Mountains... . , ” op. cit. 


« F. E. Vaughan, ‘“‘Geology of the San Bernardino Mountains North of San Gorgonio 
Pass,” Univ. Calif. Pub., Bull. Dept. Geol. Sci., Vol. XIII (1922), pp. 399-403. 
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north-dipping thrust surfaces in the general San Andreas fault zone 
along both the main fault and the Mission Creek fault in the south- 
ern part of the San Bernardino Mountains. In these cases pre- 
Cretaceous crystallines override fanglomerates of Quaternary age. 
Woodford and Harris’ have mapped two thrust faults, with un- 
usually low southwestward dips of about 20°, along part of the 
northern side of the San Bernardino Mountains. Other faults occur 
in a general fault zone along the whole north side of the mountains, 
and some of them are probably thrust faults, but details in regard 
to them are lacking. In the western part of these mountains, Noble": 
has mapped a series of six or seven roughly parallel, east-west, high- 
angle, north-dipping thrust faults. each 3-5 miles long. These are all 
just north of the San Andreas fault which is mapped as essentially 
vertical. Just south of the San Andreas fault in this vicinity, Noble 
has also mapped several vertical or high-angle normal faults. The 
San Bernardino Mountains, therefore, represent a block or horst 
uplifted thousands of feet with enough evidence of indipping thrust 
faults in the boundary fault zones to indicate that the mountain 
block has been upsqueezed in a manner similar to that of the San 
Gabriel block. 

The wedge-shaped Puente Hills block south of Pomona lies be- 
tween the northern part of the Elsinore fault and the Whittier fault. 
The outcropping rocks are nearly all of Tertiary age. English and 
Kew," on their map of the region, show the Whittier fault with a 
vertical dip and a throw of several thousand feet, but the presence 
of the Elsinore fault is only in part suggested. On the much later 
map by Reed and Hollister’’ both faults are definitely shown as in- 
dipping thrusts, thus indicating that the Puente Hills block has 
been upsqueezed between the two faults. 

There is evidence that the Inglewood fault is at least in part a 
high-angle thrust. The focus of the 1933 earthquake seems to have 

A. O. Woodford and T. F. Harris, ‘“‘Geology of Blackhawk Canyon, San Bernar 
dino Mountains, California,” Univ. Calif. Pub., Dept. Geol. Sci., Vol. XVII (1928 
pp. 283-86 and PI. 41. 

3 “Southern California,” op. cit., Pl. 3. 

14 W. A. English, “Geology and Oil Resources of the Puente Hills Region, Southern 
California,” U.S. Geol. Surv. Bull. 768 (1926), map in pocket. 

5 Op. cit. 
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been at a depth of 10 or 12 miles and some distance southwest of the 
surface trend of the fault between Long Beach and Newport. Also, 
well records show that the crystalline rock basement under the 
Tertiary strata lies much nearer the surface on the southwest side 
of the fault than on its northeast side. This indicates strongly that 
this part of the Inglewood fault is a thrust fault dipping southwest 
at a high angle. 

In Ventura County, and thence northwestward to the general 
vicinity of San Luis Obispo, most of the more important faults ap- 
pear to be steep-dipping thrusts. The two largest of these thrust 
faults are the Santa Ynez fault with a southward dip and the Naci- 
miento fault with a southwestward dip. In Ventura County several 
pairs of nearly east-west thrust faults dip under mountains or ridges 
from opposite sides. Such upsqueezing of mountain blocks is a west- 
ward continuation of similar phenomena in the San Gabriel and 
San Bernardino Mountains. 

Throughout its length in southern California, the San Andreas 
appears to be a great, vertical or nearly vertical strike-slip fault as 
already pointed out. The important Garlock fault falls in the same 
category. The southern part of the Sierra Nevada fault is generally 
regarded as a great, nearly vertical fault. In December, 1939, how- 
ever, E. B. Mayo told the writer that he found evidence there of 
high-angle thrusting. 

The San Jacinto and Elsinore fault zones each includes a per- 
sistent, very steeply dipping fault along which, in addition to great 
vertical movements, strike-slip displacements have taken place in 
direction the same as along the San Andreas fault but much less in 
amount. Reed and Hollister map the north end of the Elsinore 
fault as a west-dipping thrust. To what extent high-angle thrusting 
may occur in the San Jacinto and Elsinore fault zones must be de- 
termined by future field studies. 

The important San Gabriel fault is definitely known to be a nearly 
vertical normal fault with probably an important strike-slip com- 
ponent as shown in the following pages. 

A great many of the minor faults shown on the accompanying, 
map are normal faults, nearly all with steep to vertical dips. Some 
of the many of these examined by the writer may be listed as follows: 
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the Soledad and Pacoima faults mapped by the writer in the north- 
western part of the San Gabriel Mountains; the Burbank and Eagle 
Rock faults along the southwestern and southern bases of the Ver- 
dugo Mountains and San Rafael Hills north of Los Angeles, and 
several other faults within those areas also mapped by the writer; 
the Bee Canyon, Bouquet Canyon, and Pelona faults in the Sierra 
Pelona Mountains 35-40 miles north of Los Angeles; along the 
south and north bases of the Fish Creek and Coyote Mountains, 
respectively, in the Peninsular Mountains region; along the south 
base of the Calico Mountains and the north base of the Ord Moun- 
tains east of Barstow; and along the west base of the Dead and 
Sacramento Mountains near Needles. Literally thousands of normal 
faults, generally too small to be mapped, occur throughout southern 
California. 

An interesting fact in regard to the relation of normal and thrust 
faulting is that, in some cases, a single fault may be both normal 
and thrust. Thus, according to M. L. Hill,’® along the Watt fault, 
where Pliocene beds are faulted against crystallines in the south- 
western part of the San Gabriel Mountains, the always steep, gen- 
erally northward dip gradually changes from northward to south- 
ward and then back to northward. 

According to Kew,'? the Santa Susana fault in the mountains of 
the same name is nearly vertical in its western and eastern portions 
while its middle portion is definitely a thrust fault with dips as 
low as 40° to the north. To what extent other faults in southern 
California show similar variations is not known to the writer, but 
very likely other cases exist. 

Comparatively few thrust faults with dips less than 45° are known 
in the region under consideration in this paper, and they are all rela- 
tively small. It is significant, as pointed out beyond, that most of 
them by far have general east-west trends and occur in or close to 
the region of so-called Transverse Ranges. Low-angle thrust faults 
already mentioned are: part of the Santa Susana fault; two faults 
on the north side of the San Bernardino Mountains; and several in 

© Op. cit., pp. 158-59. 

17 W.S. W. Kew, “‘Geology and Oil Resources of a Part of Los Angeles and Ventura 
Counties, California,’”’ U.S. Geol. Surv. Bull. 753 (1924), pp. 100-101. 
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the western part of the same mountains. To these may be added 
two thrust faults, one 10 miles long and the other 3 miles long, with 
dips of 15°-20° north, described by Simpson" in the mountains west 
of Palmdale; the Frazier Mountain thrust slab discussed below; and 
the small Buena Vista fault near Taft. 


MAGNITUDE OF HORIZONTAL DISPLACEMENTS 

Some general statements regarding the magnitude of displace- 
ments have already been made. More specific data will now be pre- 
sented, particularly in regard to a number of the more important 
faults. 

According to Noble, “the profound difference in the rocks on 
opposite sides of the San Andreas fault shows that the fault move- 
ments have been of great magnitude. Although the nature of the 
movements is not entirely clear, they were evidently the product 
of compressive forces that produced a great shear zone along which 
the movements appear to have been partly horizontal and partly 
vertical.’’® For 30 miles northwestward from north of San Bernar- 
dino, two thick, extensive, pre-Cambrian formations—one a sericite 
schist and the other a still older mixture of various crystalline rocks 

lie against the San Andreas fault, the one on the south side and 
the other on the north. In the San Gabriel mountain sector of the 
fault the writer has seen these two formations faulted against each 
other in continuous outcrop for 15 miles with the schist on the up- 
throw side. In the San Bernardino sector of the fault the continuity 
of outcrops of the two formations is broken by the occurrence of 
younger formations, but the schist lies entirely on the downthrow 
side thousands of feet below the mixed crystallines, which are en- 
tirely on the upthrow side. The evidence just presented suggests a 
30-mile offset along the San Andreas fault. Another fact of interest 
in this general connection is that, along the San Gabriel mountain 
sector of the great fault, two masses of a distinctive, coarse-grained, 
Miocene sandstone formation outcrop on opposite sides of the fault, 
separated by a distance of more than 20 miles. One outcrop is near 

‘8 E. C. Simpson, ‘‘Geology and Mineral Deposits of the Elizabeth Lake Quad 
rangle, California,’ Calif. Jour. Mines and Geol., Vol. XXX (1934), p. 405. 


‘9 “Southern California,” op. cit., p. 11. 
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Valyermo and the other near the mouth of Lone Pine Canyon. Re- 
lationships such as those just described are strongly suggestive of 
a horizontal shift of many miles, involving one or both sides of the 
San Andreas fault in this region. Noble?’ has suggested that a hori- 
zontal displacement of at least 24 miles may have occurred along 
the great fault in southern California, but he says that the evidence 
is not enough to amount to proof. 

A glance at the accompanying map shows plainly that the north 
and south boundaries of the great belt of so-called Transverse 
Ranges, with its prevalent east-west structures, are sharply discon- 
tinuous where crossed by the San Andreas fault. This fact suggests 
strongly that the belt of Transverse Ranges has here been offset 
25 or 30 miles by horizontal movement along the great fault, the 
ocean side of the fault having shifted relatively northwestward. 
This evidence harmonizes almost perfectly with other evidence pre- 
sented in the foregoing discussion for this same general part of the 
great fault. 

Another feature which may be significant in connection with the 
problem of horizontal movement along the San Andreas fault is 
the manner in which the southern part of the Sierra Nevada (in- 
cluding the Tehachapi Mountains) swings westward sharply as it 
approaches and contacts the great fault just where a conspicuous 
bend in it suggests extra-strong application of regional pressure from 
the south. The Sierra Nevada and Kern Canyon faults, here paral- 
lel, show exactly the same bending to the west. Can it be that a 
northwestward movement on the ocean side of the San Andreas 
fault has partly pushed and partly dragged the southern end of the 
Sierra Nevada westward at least 25 miles? 

According to Eaton,” there is considerable stratigraphic evidence 
for a total post-Miocene horizontal displacement of about 25 miles 
along the San Andreas fault south of Taft and just northwest of the 
great bend in the fault in that general region. 

It must be conceded that 20 or 30 miles of horizontal shifting 
along the San Andreas fault in southern California may fall short of 

a0 “The San Andreas Fault and Other Active Faults,” op. cit., p. 31. 

a J. E. Eaton, “Ridge Basin, California,” Bull Amer. Assoc. Pet. Geol., Vol. XXIII 
(1939), P- 520. 
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positive proof, but the cumulative evidence points strongly to such 
a conclusion. If it be true, it is a very remarkable structural phe- 
nomenon. 

Although great horizontal movements, such as those just men- 
tioned, may be doubted, nevertheless there is positive evidence for 
notable, though much smaller, horizontal shifting along the San 
Andreas fault. A good example is the sharply defined offset of the 
course of Cable Creek where it crosses the fault northwest of San 
Bernardino. Another is southeast of Palmdale (near Little Rock) 
where the course of Little Rock Creek is notably offset. Still another 
example is in the vicinity of Indio in the Coachella Valley where 
the hills and wide alluvial fans are cut sharply, and very notably 
dislocated horizontally, along the fault. In the three cases cited the 
offsets have occurred in late Quaternary time, and they probably 
represent obviously visible parts of far greater dislocation which 
began in early Quaternary, or still earlier, time. 

Wood and Buwalda, referring to the San Andreas fault in the 
Carrizo Plain district northwest of Taft, say that the evidence from 
offsets in stream courses “‘indicates clearly that the block west of 
the fault has moved northward relative to the eastern block at least 
several thousand feet in very recent time; the drainage courses are 
very young features. Total horizontal displacements of much greater 
magnitude, measurable in terms of many miles, or in tens of miles, 
is thereby strongly intimated.” Evidence has been presented by 
Hulin’’ strongly indicating a horizontal dislocation of about 5 miles 
along the Garlock fault near Randsburg, the north side of the fault 
having moved relatively westward. 

Ferguson and Willis’ have presented good evidence that the 
en echelon arrangement of most of the oil-field structures which 
follow northwest-southeast trends in the Los Angeles basin have 
been caused by lateral movements along the more important north- 

22H. O. Wood and J. P. Buwalda, ‘‘Horizontal Displacement along the San Andreas 


Fault in the Carrizo Plain, California,” Bull. Geol. Soc. Amer., Vol. XLII (1931), pp. 
288-—8o. 

23C. D. Hulin, “Geology and Ore Deposits of the Randsburg Quadrangle, Cali- 
fornia,” Calif. State Min. Bur. Bull. 95 (1925), pp. 63, 64, and 68. 

74R. N. Ferguson and C. G. Willis, ‘Dynamics of Oil-Field Structure in Southern 
California,”’ Bull. Amer. Assoc. Pet. Geol., Vol. VIII (1924), pp. 578-79. 
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westerly trending faults. Their idea is that lateral shearing has oc- 
curred on these faults in the crystalline complex underneath the 
oil-bearing sediments; that such motion has been northwest on the 
ocean side of each fault; and that such motion has produced folding 
(including the en echelon folds) and faulting in the overlying sedi- 
ments. If this be a correct interpretation it is important to note 
that the movement of the fault blocks to the northwest in the 
Los Angeles basin parallels the general movement along the ocean 
side of the San Andreas fault. 

Whether or not lateral movements similar to those just described 
have occurred along the main San Jacinto and Elsinore faults re- 
mains for future study, but the probability is that such will be found. 

In regard to the middle-northern part of the important north- 
westerly trending San Gabriel fault, Eaton says: ‘The feature that 
it crosses and bounds three basins, and particularly its repeated 
scissoring, are indicative of a marked horizontal component’”s 
amounting to several miles. 

Clements”’ has recognized a horizontal offset of 2 miles on the 
northern part of the Clearwater fault which lies between the San 
Andreas and San Gabriel faults west of Palmdale. The southwestern 
side of the fault has moved northwestward relative to the opposite 
side. 

A very exceptional thrust-fault feature in this same general region 
is known as the Frazier Mountain overthrust slab, which lies ad- 
jacent to the San Andreas fault on the south side and opposite the 
end of the Garlock fault as shown on the accompanying map. The 
slab, consisting of crystalline rocks, is 4 miles wide and 8 miles 
long with a maximum thickness of about 2,500 feet. It has over- 
ridden the north end of the San Gabriel fault since early Quaternary 
time. The slab has ridden on a low-angle thrust surface at least 
4 or 5 miles, but its source and history are problematical. It was 
originally described by Buwalda, Gazin, and Sutherland.?? 


25 Op. cit., p. 521. 

26 T. C. Clements, “Structure of Southeastern Part of Tejon Quadrangle, Cali- 
fornia,’ Bull. Amer. Assoc. Pet. Geol., Vol. XXI (1937), pp. 222-24. 

27 J. P. Buwalda, C. L. Gazin, and J. C. Sutherland, ‘‘Frazier Mountain, a Crystalline 
Overthrust Slab, West of Tejon Pass, Southern California,’ Bull. Geol. Soc. Amer., 
Vol. XLI (1930), pp. 146-47. 
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There is comparatively little evidence of important horizontal 
movements trending in directions other than northwest-southeast 
and less important ones trending northeast-southwest. Horizontal 
dislocations are notably scarce on the numerous generally east-west 
faults in the belt of so-called Transverse Ranges. According to 
Hoots,?> movement on the Benedict Canyon fault in the eastern 
part of the east-west Santa Monica Mountains appears to have 
produced a horizontal offset of about 13 miles, but this movement 
very likely took place entirely in Middle Miocene time. 

Numerous occurrences of nearly horizontal slickensides on minor 
faults, many of them too small to be mapped, in the general region 
on the ocean side of the San Andreas fault plainly indicate that 
lateral movements on small as well as large faults have been com- 
mon. 

The whole region lying north of the San Andreas fault and ex- 
tending from the western Mohave Desert to the Colorado River, 
seems to show comparatively little evidence of lateral movements 
along the numerous faults. 


MAGNITUDE OF VERTICAL MOVEMENTS 

Vertical components of faulting on the vertical, high-angle thrust, 
and normal faults of southern California range through all amounts 
to more than 4 miles. Such displacements ranging above 8,000 feet 
are few in number; those from a few thousand to 8,000 feet are 
common; those from a few hundred to several thousand feet are 
very common; and those less than a few hundred feet are exceedingly 
numerous throughout the region. Some examples of the greater ver- 
tical displacements will now be mentioned. 

Adjacent to the San Andreas fault zone, the San Bernardino 
Mountains have been uplifted fully 5,000-6,000 feet, the Little San 
Bernardino and San Gabriel Mountains each several thousand feet. 
Extensive areas, depressed relatively 2,000 feet or more, adjacent to 
the great fault, are the Salton-Imperial basin and the Mohave 
Desert north and northwest of the San Gabriel Mountains. Thus 
large upthrown and downthrown blocks both occur on each side 
of the San Andreas fault. 


"7H. W. Hoots, ‘‘Geology of the Eastern Part of the Santa Monica Mountains, 
Los Angeles County, California,” U.S. Geol. Surv., Prof. Paper 165-C (1931), p. 126. 
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Along the San Jacinto fault the southern part of the Santa Rosa 
Mountains has been uplifted about 6,000 feet, and the San Jacinto 
Mountains several thousand feet. The San Jacinto Mountains have 
been upfaulted fully 9,000 feet adjacent to the fault along their 
eastern base at Palm Springs. 

The Santa Ana Mountains have been upfaulted several thousand 
feet along the Elsinore fault, while 30 miles southeast of Elsinore 
and on the opposite side of the same fault, Agua Tibia Mountain 
has been uplifted nearly 5,000 feet. The Laguna and Jacumba Moun- 
tains have been uplifted 4,000 and 2,000 feet, respectively, along the 
west side of the same fault. 

In the northwestern part of the region under consideration in this 
paper, the extensive San Rafael-Sierra Madre Mountains block has 
in general been raised 3,000-5,000 feet between two important north- 
westerly trending boundary faults, one of them being the Naci- 
miento fault. 

The Tehachapi and southern Sierra Nevada Mountains are up- 
faulted 2,000-5,000 feet along the Garlock-Sierra Nevada fault sys- 
tem. The El Paso Mountains, facing the Garlock fault, have been 
uplifted fully 3,000 feet. 

Vertical displacements in the extensive desert region north of the 
San Andreas fault, as shown on the accompanying map, are very 
generally less than 2,500 feet. One definitely known exception is an 
uplift of 4,000 feet on the north side of the San Bernardino Moun- 
tains, but this is comparatively near the San Andreas fault. 

The Pinto fault near Twenty-nine Palms definitely shows a ver- 
tical displacement of fully 2,500 feet. 

All aforementioned examples of vertical displacements pertain to 
relatively uplifted fault blocks of crystalline rocks with eroded, but 
still very steep, fault scarps. The heights of these scarps indicate 
only minimum amounts of vertical movement. In most of the cases 
the crystalline rocks on the downthrow sides are buried under Ceno- 
zoic sediments, very commonly from a few hundred to 1,000 feet or 
more thick, thus increasing figures for throw just given. In this con- 
nection two examples involving exceptionally great vertical disloca- 
tions will be described. 

In the Cucamonga region of the eastern San Gabriel Mountains, 

















FAULTING IN SOUTHERN CALIFORNIA 403 


the eroded, but very steep, Sierra Madre fault scarp rises fully 6,000 
feet. Probably no less than 1,000 feet of alluvial fan material covers 
the downthrow side adjacent to the fault, thus making the throw 
here at least 7,000 feet, and possibly a good deal more. The scarp 
of crystalline rocks along the same fault, a few miles east of Pasadena, 
rises about 5,000 feet, while a well near its base penetrated nearly 
5,000 feet of Quaternary and Tertiary sediments without reaching 
the crystalline floor. The throw of the Sierra Madre fault in this 
vicinity is, therefore, at least 10,000 feet. 

The San Gabriel fault has probably the greatest known vertical 
displacement among all southern California faults. According to re- 
cent studies by Eaton,”? pre-Cretaceous crystalline rocks rise several 
thousand feet very steeply along the west side of the fault between 
12 and 15 miles from its junction with the San Andreas fault, while 
immediately on the opposite side of the fault the crystallines lie at 
the bottom of a sharply downthrown section of 23,000 feet of later 
Cenozoic strata. The throw of the steep-dipping fault is here, there- 
fore, between 4 and 5 miles! 

(here is strong evidence of profound vertical displacements along 
a series of at least four important northwesterly trending faults in 
the Los Angeles basin. These faults, from west to east, are the one 
at the east base of the San Pedro Hills, followed by the Inglewood, 
Norwalk, and Whittier faults, all shown on the accompanying map. 
In general, there is much less than the usual surface evidence that 
such important faults exist. A very thick mantle of Cenozoic (and 
possibly Cretaceous) sediments covers the basement of crystalline 
rocks under the whole basin. Stratigraphic evidence obtained by 
drilling numerous oil wells proves that the sediments have been 
block faulted with vertical components reaching at least several 
thousand feet. Thus, wells on the west side of the northern part of 
the Inglewood fault encounter the basement crystallines thousands 
of feet higher up than those on the east side. Important light has 
been thrown upon these fault structures by a seismic reflection pro- 
file’ run across the Los Angeles basin from the San Pedro Hills 

9 Op. cit., p. 521. 

B. Gutenberg and J. P. Buwalda, “Seismic Reflection Profile across Los Angeles 
Basin,” Geol. Soc. Amer. Proc. (1936), pp. 327-28. 
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northeastward to east of Whittier. The tests indicated that the 
crystalline basement lies 13+ km. below the surface of the plain 
under the middle block lying between the Inglewood and Norwalk 
faults; 5-6 km. below the plain between the Norwalk and Whittier 
faults; 7+ km. down between the Inglewood and San Pedro Hills 
faults; and 3.5 km. down just west of the last-named fault. This 
evidence, though open to some question or modification, points to 
vertical shiftings varying from 2 to 4+ miles between adjacent blocks. 


DEFORMATION OF FAULT BLOCKS 

Several types of deformation of fault blocks, on large and small 
scales, are known. One of these is deformation or warping of blocks, 
involving pivotal faulting. Thus, on the northern part of the re- 
markable San Gabriel fault, the profound downfaulting of more 
than 4 miles on the east side diminishes rapidly so that within 20 
miles to the southeast the throw is reduced to zero near Castaic, 
where the fault scissors, according to Eaton.** Southeast of the 
pivot, the same (east) side of the fault is upthrown for some miles, 
after which it is downthrown and finally again upthrown where the 
fault extends far into the San Gabriel Mountains. Warping (longi- 
tudinally) has quite certainly played an important part in producing 
several of these changes in direction of throw. 

Similar deformation seems also to have taken place along the 
east side of the Elsinore fault between Elsinore and Julian, where 
downthrow changes to upthrow several times. The evidence seems 
clearest in the Ramona quadrangle where the broad basin, called 
Valle de San Jose, lies on the downthrow side and is believed to 
represent part of the early Quaternary old-age surface. Both to the 
northwest and southeast, the old-age surface gradually rises several 
thousand feet within 8 miles to mark high mountaintops on the 
upthrow side in each case. Warping, accompanied by pivotal fault- 
ing, seems to be the explanation. Deformation of later Tertiary or 
early Quaternary strata adjacent to fault blocks, particularly to 
those of crystalline rocks, is fairly common. This varies from simple 
updrag on fault surfaces to folding of strata near faults. Some ex- 
amples of such strongly updragged strata, definitely known to the 


31 Op. cil., p. 521. 
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writer, are at the bases of the Dead Mountains near Needles, the 
Calico Mountains near Barstow, and the Fish Creek and Coyote 
Mountains west-northwest of El Centro. Examples of more or less 
severe folding of strata adjacent to fault blocks are: the Big and 
Little Tujunga regions on the southwestern side of the San Gabriel 
Mountains; along the San Andreas fault southeast of Indio (or east 
of Mecca); and along the Pinto fault near Twenty-nine Palms. 

Rotation and anticlinal folding of small fault blocks are illustrated 
by the strings of oil-field structures along both the Inglewood and 
the Norwalk faults in the Los Angeles basin. 

The development of many long, narrow slices of both crystalline 
rocks and strata, and deformation of such slices by squeezing or 
tilting, is a common feature, particularly impressive in the major 
fault zones. 

Folding of strata well within fault blocks, such as in the Imperial 
Valley some miles southwest of El Centro and in the upper Cajon 
Canyon region northwest of San Bernardino, should be mentioned. 
Almost invariably the large and small fault blocks of crystalline 
rocks are highly fractured and jointed throughout, especially those 
adjacent to the San Andreas fault. Excellent cases in point are the 
San Gabriel and San Jacinto Mountains. 

Most, if not all, of the types of deformation just mentioned clearly 
imply the application of strong compressive forces often accompa- 
nied by horizontal shearing giving rise to torsional stresses. 


MOHAVE DESERT WEDGE 

A glance at the accompanying map shows that the western part 
of the extensive Mohave Desert region is in the form of a great 
wedge lying between the San Andreas and Garlock faults. The tip 
of this arrow-shaped wedge is the intersection of the two great 
faults. The Mohave Desert in general, but the western part of the 
wedge in particular, is, with some exceptions, in a much more ad- 
vanced (late mature-old-age) stage in the cycle of erosion than the 
regions north and south of it. The western part of the wedge is also 
generally much lower than the adjacent regions. North of the wedge 
high, relatively young, north-south block mountains are the rule, 
and south of it high, relatively young, northwesterly and westerly 
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trending block mountains are the rule. The Mohave Desert wedge 
is, however, not only much more subdued topographically, but also 
the mountains are much more irregularly arranged and the struc- 
tural trends are more indefinite. Evidently, relative stability has 
characterized the Mohave Desert wedge during much or all of 
Quaternary time, while the regions north and south of it have been 
diastrophically very active. 


THE TRANSVERSE RANGES 

This province, commonly referred to as the Transverse Ranges, 
has both a topographic and a structural east-west trend, including 
folds and faults, which is distinctly at variance with the usual north- 
westerly trend which characterizes the coastal region of California 
from Mexico to Humboldt County. This east-west trending prov- 
ince is a conspicuous feature of any relief-like or geomorphic map 
of California. 

The length of the Transverse Ranges province is about 300 miles 
and its width 35-50 miles. Altitudes within the province are exceed- 
ingly variable, from below sea-level in the Santa Barbara Channel 
north of the Channel Islands to 11,485 feet in the San Bernardino 
Mountains. The principal mountains of the province are shown on 
the accompanying map. The boundaries are generally well defined 
except on the northwest where the east-west trend more or less 
merges into the coastal northwesterly trend. 

A remarkable fact is that the great San Andreas fault cross-cuts 
the ‘Transverse Ranges diagonally, giving the appearance that the 
province has been offset sharply some 25 or 30 miles, as shown on 
the accompanying map. Good evidence has already been presented 
that such an offset is a fact. 

The important San Gabriel fault cuts almost if not quite across 
the dominant east-west trend diagonally. This is hardly a subordi- 
nate structural feature, but it seems not to have caused any con- 
spicuous Offset of the province. 

Most of the faults by far in this province show a general east-west 
trend. At least eight or ten of these range in length between 20 and 
100 miles as shown on the map. Horizontal shifting along these 
east-west faults seems to be notably absent or unimportant. Most 
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of them are high-angle thrusts but, as already noted, a number of 
low-angle thrust faults also occur. 

Reed says: ‘‘An interesting structural feature of the province is 
the existence not only of the dominant east-west structural trend, 
but also of subordinate northwest-southeast and northeast-south- 
west trends.’’** As examples of the latter, he mentions several folds 
in Ventura and Santa Barbara counties. Various faults, some of 
them shown on the map, also have similar trends. 

How long has there been an east-west structural trend in the 
region of the Transverse Ranges? Was that trend developed across 
a general, pre-existing, northwesterly coastal trend? The answer to 
these questions is important in any general explanation of the forces 
involved in the production of the fault structures of southern Cali- 
fornia. Evidence will now be presented indicating the antiquity of 
the east-west structural belt. 

A glance at the various paleogeographic maps by Reed and Hollis- 
ter’s clearly shows that there was a conspicuous east-west structural 
trend, including at least the western half of the Transverse Ranges 
region, dating back to late Cretaceous time and probably still far- 
ther, and that it was contemporaneous with a general northwesterly 
coastal structural trend of California. Thus the east-west Santa 
Barbara-Ventura basin of deposition showed a remarkable persist- 
ence from Cretaceous to Middle Quaternary time, with a maximum 
deposition of 50,000 feet of sediments in it. Contemporaneously 
with the basin, a long, east-west land mass (Anacapia) including the 
Channel Islands and Santa Monica Mountains region formed the 
southern boundary of the Santa Barbara—Ventura basin. The Santa 
Barbara Channel portion of the east-west province is still a basin 
of deposition below sea-level. 

That there was a pronounced, pre-Tertiary east-west structure on 
the site of the Santa Monica Mountains is proved by the fact that 
the Triassic(?) slate was there somewhat folded into an east-west 
anticline before late Cretaceous strata were laid down upon it, and 


pronounced renewed folding occurred in Middle Miocene time. 


2 R. D. Reed, Geology of California (Tulsa: Amer. Assoc. Pet. Geol., 1933), pp. 9-10. 


3 Op. cit., Figs. 2-8, 11, 12, 14, 15, 17-22. 
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Evidence presented by the writer’4 clearly indicates that the 
region of the San Gabriel Mountains was a highland area with a 
general east-west trend as far back as later Miocene time, as proved 
by the nature, thickness, and source of the sediments bordering the 
area. General west-northwesterly trends of both late Jurassic and 
pre-Cambrian batholiths, as well as of steep-dipping foliation of 
pre-Cambrian schists and gneisses, indicate an antiquity of this 
structural trend dating back to pre-Cambrian time. There is similar 
evidence for an ancient east-west trend in the region of the San 
Bernardino Mountains, but it is not so clear or definitely known. 
The Little San Bernardino, Pinto, and Eagle Mountains, considered 
as a group, fall in the same category. 


AGE OF THE FAULTING 

There is good reason for believing that important fault move- 
ments have taken place in southern California throughout Cenozoic 
time and that such activity has varied much in time and place. Per 
haps the two most active times were in the later Miocene and in the 
Quaternary. The two important uplifts of the Sierra Nevada fault 
block correspond to these times, and the principal uplifts of the 
numerous present-day block mountains took place during the Qua- 
ternary. Some of the major faults (e.g., San Andreas fault) prob- 
ably have been more or less active throughout the Cenozoic. A 
considerable number of faults practically ceased activity before the 
early Quaternary. A great many of the faults came into existence 
during the Quaternary. To what extent, however, renewed activity 
has taken place on old, revived faults is not known. Many faults are 
active at the present time. Some particular cases, illustrating the 
age of the faulting, will now be given. 

Kew,* in his study of the region west of the San Gabriel Moun 
tains, recognizes two main periods of faulting, one at the end of the 
Miocene and the other in the Pleistocene. 

English, in his study of the region just south of the San Gabriel 
Mountains, says: “One of the most interesting features of the Ter 


34 Miller, ““Geology of the Western San Gabriel Mountains,” op. cit., pp. 72-73 


35 Op. cit., p. 93. 
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tiary succession [Eocene to Pliocene] is the overlap, within short 
distances, of thick formations that appear to be conformable be- 
neath the overlapping beds... . . At places the abruptness of the 
overlaps suggests very strongly that the differential movement be- 
tween the basin and the land areas was accomplished by movement 
along a fault.’’5° 

The San Andreas fault has been more or less active in southern 
California throughout Cenozoic time, and possibly even longer. 
Noble says: ‘“The distribution of the pre-Tertiary rocks along the 
rift indicates that movements took place upon it as far back as late 
Mesozoic or early Tertiary time. The first movements whose date 
can be established approximately, however, took place at some pe- 
riod between late Miocene and early Quaternary time’’s’? (more likely 
late Miocene). He says that these movements were of great magni- 
tude and that the fault is still active. 

rhe writer’* has presented evidence indicating that the general 
region of the San Gabriel Mountains existed as a block mountain in 
later Miocene, and probably in still earlier Tertiary time. 

lhe northern part of the San Gabriel fault (with a throw of more 
than 4 miles) was, according to Eaton,*® active between Middle 
Miocene and Middle Pleistocene times concomitant with deposi- 
tion. Activity then practically ceased, and the Frazier Mountain 
mass was thrust over the north end of the fault. The middle and 
eastern portions of the San Gabriel fault seem to have been active 
during the same time as the northern part. 

Hoots, in his study of the eastern Santa Monica Mountains, says: 
“The middle Miocene uplift of the central area appears to have 
produced several, and possibly many, major high-angle tension 
faults,’ and that many faults were produced “in upper Miocene, 
Pliocene, or Pleistocene strata in all parts of the area, some of which 
appear to have resulted from renewed movements along old buried 


faults.’’4° 


Op. cit., p. 14. 
‘*The San Andreas and Some Other Active Faults .., Op. cit., Pp. 33 


’ Miller, ‘Geology of the Western San Gabriel Mountains... . ,”’ op. cit., pp. 74 


Op. cit., p. 517. 1° Op. cit., p. 127 
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Clark" has advocated the theory that the Tertiary sediments 
of the California Coast Ranges were deposited largely in fault 
troughs which developed with varying degrees of fault activity in 
time and place during the Tertiary, and that most of the folding, 
secondary to the faulting, has resulted from drag on faults com- 
bined with compression. 

Many other faults, particularly the more important ones, doubt- 
less date back at least to the Middle Miocene, but, in most of the 
cases, stratigraphic proof of such antiquity is either entirely lacking 
or the evidence has not been carefully studied. Mention should, 
however, be made of another criterion by which it can be told that 
various (perhaps numerous) faults practically ceased activity before 
the late Pliocene or early Quaternary old-age surface was developed 
in southern California. Many such cases have been observed by the 
writer. Thus a number of the faults mapped by the writer in the 
mountains of San Diego County fall in this category. Good examples 
are the Lyons Valley—Cottonwood Creek and Pine Valley—Cotton- 
wood Creek faults which cross each other nearly at right angles in 
the southeastern part of the Cuyamaca quadrangle. Each is marked 
by a conspicuous fault-line valley for 10 miles, but the old erosion 
surface shows little or no dislocation by movements along these 
faults. In the western San Gabriel and Verdugo Mountains north 
of Los Angeles, advanced students, working under the writer’s direc- 
tion, have mapped a number of faults, movements along which 
plainly antedated the uplift and dissection of the old erosion surface. 
According to Webb,” the Kern Canyon fault, in the southern Sierra 
Nevada Mountains, is a fine large example. Other cases could be 
cited. Just how old these pre-early Quaternary faults are is not 
known, but most of them by far are younger than the widespread 
late Jurassic batholiths because so many of them are in such 
rocks. 

The fact that an erosion surface, varying from early old age to a 
peneplain, existed over so much of southern California in late Ter- 
tiary or early Quaternary time indicates that faults were generally 

“ B. L. Clark, “Age of the Primary Faults in the Coast Ranges of California,” 
Jour. Geol., Vol. XL (1932), pp. 384-401. 


42R. W. Webb, ‘‘Kern Canyon Fault, Southern Sierra Nevada,”’ Jour. Geol., Vol 
XLIV (1936), pp. 631-38 
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rather inactive for a considerable period just before completion of 
the erosion cycle. 

That a great many of the southern California faults have been 
very active since early Quaternary time is borne out by the fact 
that the old erosion surface has been dislocated in hundreds of places 
so that more or less well-preserved remnants of the erosion surface 
now exist at numerous sharply separated levels to 8,000 feet or more 
above sea-level. 

The much-deformed (folded, upturned, and faulted) late Tertiary 
to Middle Quaternary sediments, and the less-deformed still younger 
sediments, along faults in so many places, plainly indicate fault 
activity during Quaternary time. Thus, throughout its length, the 
San Andreas fault is characterized by small, straight scarps and 
ridges, and by sag ponds and offsets, most of which involve Qua- 
ternary (often late Quaternary) alluvial deposits. 

Upfaulted Quaternary terrace deposits are common and wide- 
spread. In many cases such deposits have been sharply faulted, as 
for example near the mouth of Arroyo Seco Canyon northwest of 
Pasadena. It should be stated in this connection that in the great 
desert area, extending from the western Mohave Desert to the 
Colorado River, there has been much less late Quaternary fault ac- 
tivity than in the rest of southern California. The desert region is 
in a late mature or old-age stage of the desert cycle of erosion with 
few fresh fault scarps and surprisingly few cases of dislocated al- 
luvial fans. 

There has been much variation in Quaternary fault activity in 
both time and place along individual faults. A good case in point 
is the straight, steep, fresh, relatively little eroded Elsinore fault 
scarp near Elsinore, which, within a few miles to the southeast, is 
distinctly older and much more eroded. The steep fault scarp at 
Newberry Springs, east-southeast of Barstow, rapidly becomes much 
subdued toward the east. The Garlock fault shows abundant evi- 
dence of recent activity west of Randsburg, but similar evidence is 
lacking along the fault on either side of that locality. 


PRESENT-DAY FAULT ACTIVITY 


Seismic activity on southern California faults during historic time 
is, of course, well known. Scores of earthquakes are recorded every 
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year, fewer of them in the desert region north of the San Andreas 
fault than elsewhere. Occasionally an earthquake is severe enough 
to do considerable damage when it occurs in a well-populated region, 
examples being San Jacinto (1899 and 1918), Inglewood (1918), 
Santa Barbara (1925), and Long Beach (1933). Records show that 
the San Jacinto fault is the most active one of all. The numerous 
shocks in the Imperial Valley may be due to activity on this fault 
where it extends under the valley alluvium. Many shocks originate 
along the Elsinore fault, particularly the San Diego County part of 
it. Another very active zone of fracture is the Inglewood fault. 
Pronounced movement along the middle of the southern California 
portion of the San Andreas fault was the probable cause of the severe 
earthquake of 1857, but nothing like such activity of the fault has 
since been recorded. 

During the last ten years, evidence has shown that at least some 
faulting takes place at known rates and yet so slowly as to be im- 
perceptible to the senses. Perhaps the best example is the small 
Buena Vista thrust fault near Taft, described by Koch.*? Twenty- 
two oil-well casings and several pipe lines were destructively de- 
formed where they crossed the fault. The movements continued at 
a minimum average rate of 1.5 inches per year for a number of years 
until 1932. Whether or not the activity still continues the writer 
does not know. There have been reports of similar activity in the 
Coyote Hills oil district southwest of Los Angeles. Such examples 
lead one to wonder to what extent similar gradual movements may 
have contributed to great displacements along important faults 
along with, or instead of, sudden movements separated by intervals 
of relative quiet. Future studies may supply the answer. 


REGIONAL STRESSES IN RELATION TO THE FAULT FEATURES 
With the array of facts presented before us, an attempt will be 
made to offer a general theory or explanation of the fault features 
of southern California. Reed and Hollister doubt the advisability 
of creating hypotheses or explanations until many more historical 


48'T. W. Koch, ‘“‘Analysis and Effects of Current Movement on an Active Fault in 
Buena Vista Hills Oil Field, Kern County, California,” Bull. Amer. Assoc. Pet. Geol., 
Vol. XVII (1933), pp. 694-712. 
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facts are known. They say: “What is the nature of the forces that 
from time to time have deformed the crust of coastal California, and 
what their origin? Were the mountains warped up, thrust up, or 
elevated in some other way? To all such questions the writers must 
answer that they do not know.’’*4 The present writer confesses that 
he has a good deal of sympathy with the point of view just ex- 
pressed, but in spite of this a general explanation will be offered with 
the hope that it may contribute something to a real solution of the 
problem. Any good theory should account for the various structural 
phenomena not only in a broad way, but also in considerable detail. 
Most important is a consideration of the direction of application of 
the strong regional deformational stress which produced both the 
fault features and the folding of strata during Cenozoic time. In 
view of the fact that the great San Andreas fault so profoundly 
dominates the Cenozoic structure of southern California, a correct 
understanding of the forces which produced it would go far toward 
a solution of the general problem. Several such attempts have been 
made, and these will now be discussed. 

Ferguson and Willis, in a brief study of the dynamics of the north- 
westerly trending faults in the Los Angeles basin, say: ‘With regard 
to the force which is responsible for the lateral movement on these 
faults, all the evidence tends to show that there is a northward 
creep of the mass beneath the ocean with respect to the mainland 
mass or shield of the Sierras and that the region of the Coast Ranges 
represents the shear zone between these two great masses. The 
mass beneath the ocean, moving northward, presses against the 
northwesterly trending coast line and slides northwest along it, ex- 
erting of course great northeasterly pressure against it,” and that 
“the pressure will be divided into two components, one of which will 
produce shearing in a northwesterly direction, and the other of 
which will produce folding approximately parallel to this shearing.” 
The present writer agrees with this statement of an important gen- 
eral principle, but its authors applied it to restricted phenomena in 
a comparatively small area only. 

Eaton has elaborated a theory which calls for regional pressure 
from the east or inland rather than from the ocean side. He says: 


44 Op. cil., p. 139. 4S Op. cil., p. 580. 
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“By Pliocene time .... the Sierra Nevada massif began to creep 
westward under gravity. The Great Basin district followed, its crust 
was extended, and block faulting commenced. In the Pleistocene, 
the Sierra Nevada massif moved westward as much as 60 miles, 
shortening the crust in California and extending it in the Great 
Basin.’’*° Thus Eaton explains block faulting in the Great Basin and 
compression, accompanied by folding and great shearing, especially 
along the San Andreas fault in western California. Later Eaton says 
that the great bend in the San Andreas fault, adjacent to the 
Tehachapi Mountains, was “caused by westward movement of the 
southern Sierra Nevada along the line of the Garlock fault.’’47 Some 
evidences against this theory may be stated briefly as follows: (1) 
The principal horizontal movement should have been to the north- 
west along the northeast side of the San Andreas fault, but it has 
in fact been on the southwest side; (2) the conspicuous east-west 
folding and faulting, including upsqueezed east-west block moun- 
tains, in the Transverse Ranges call for north-south rather than east- 
west compressive force; (3) there should be much east-west hori- 
zontal shearing along faults in the Transverse Ranges, but such is 
not the case; and (4) the explanation of one great bend in the San 
Andreas fault (adjacent to the Tehachapi Mountains) should apply 
in principle to the other great bend (adjacent to the San Bernardino 
Mountains), but in the latter case the geologic setup is very different 
with no evidence of important westward movement of the San Ber- 
nardino mass along any fault. 

Any theory involving great regional pressure from the west would 
encounter most of the objections just mentioned. A theory calling 
for regional stress from the north has much more in its favor. A 
serious objection is, however, that the principal horizontal move- 
ment seems to have been northwesterly on the seaward side of the 
San Andreas fault, and not southeasterly on the inland side as re 
quired by the theory. 

In a recent theory Bailey Willis*® has advocated that the San 
Andreas rift is a strike-slip fault; that it is a result of the action of a 

46 “‘Tecline of Great Basin, Southwestern United States,’’ Bull. Amer. Assoc. Pet 
Geol., Vol. XVI (1932), pp. 1 and 49. 


47 “Ridge Basin, California,” op. cit., p. 557. 48 Op. cit., pp. 1017 and 1055. 
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stress directed toward the north in the masses southwest of the 
fault; that the locus of the shear is the northeastern margin of the 
Lower California batholith; that the fault lies between this batholith 
and the pre-Cambrian element of southern California; that intense 
compression accompanied the shearing; and that the source of the 
great pressure was the dynamic energy of the Lower California 
batholith produced during cooling of the magma, consolidation of 
its upper part, and recrystallization of the latter. 

According to Willis’ theory, prolonged high temperature within 
the batholithic chamber caused the minerals of the solidified cover to 
be reformed “‘with the longer axes of the crystals oriented in a hori- 
zontal plane,” resulting in a gneissic structure. The growth of these 
crystals horizontally is supposed to have produced the great pres- 
sure. ““The more deeply buried magma remained molten for a long 
time, possibly down to the present.”’ The conception of profound 
regional pressure being thus produced is, of course, theoretical, but 
it is a real attempt to find a source of the force involved. In the 
writer’s theory, set forth beyond, no such attempt is made. 

Granting the possibility that considerable pressure might be pro- 
duced by recrystallization as advocated by Willis, several important 
facts are opposed to his theory that elongation of the Lower Cali- 
fornia batholith caused the great pressure. Thus, horizontal arrange- 
ments of crystals in the batholiths of southern California, including 
the prominent northward extension of the Lower California batho- 
lith into southern California, are rare. Foliation dips, whether pri- 
mary or secondary, are generally steep. 

If the great pressure came from the elongation of the batholith 
of Lower California, it came from the southeast and not from the 
south. This might explain the more or less northwesterly horizontal 
shifting and shearing on the southwest side of the San Andreas 
fault. Important east-west shearing would, however, be expected in 
the east-west or Transverse Ranges region, but such is not the case. 
Also how would such a northwesterly directed pressure produce the 
northwesterly trending folds in the general coastal region of Cali- 
fornia? 

Willis? attempts to prove that the Elsinore and San Jacinto 


 Ibid., pp. 1046-55. 
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faults play out well before reaching the Mexican boundary. It is 
much better for his theory if such important faults do not cut 
through the Lower California batholith because “the locus of the 
shear is the northeastern margin” of that batholith. Now, as previ- 
ously stated, Willis fails to consider the whole array of evidence 
presented by the writer’® to show that the Elsinore fault zone does 
extend to the Mexican border and no doubt many miles farther 
southeast. The San Jacinto fault passes under the deep alluvium 
of the Imperial Valley, hence it is harder to tell positively how far 
it extends southeast, but the frequent occurrence of earthquakes in 
the vicinity of El] Centro (e.g., May, 1940) indicates that the fault 
runs at least that far. The Lower California batholith extends fully 
100 miles into southern California (Peninsular Mountains) where it 
is traversed by both the Elsinore and the San Jacinto faults. Also, 
Woodford and Harriss* have recently mapped two important 
northwesterly trending faults cutting the batholith in middle- 
northern Lower California. 

According to Willis, the San Andreas fault is the boundary be- 
tween old land, largely pre-Cambrian rocks on the north, and newer 
land, largely Mesozoic granodiorite, on the south. In a very general 
way this may be so, but there are many exceptions, the most im- 
portant being the numerous large and small bodies of late Mesozoic 
intrusives which are much more extensive even than shown on the 
new geologic map of California. It is also important to note that the 
great north-northwesterly trending Sierra Nevada batholith lies 
north of the San Andreas fault. In view of these facts, it would be 
more nearly correct to say that the San Andreas fault cuts diagonally 
right across the late Mesozoic batholithic region of southern Cali- 
fornia. Furthermore, the idea that the San Andreas fault, even in a 
general way, separates a pre-Cambrian region from a Mesozoic 
batholith region does not hold at all along the great fault for hun- 
dreds of miles northwestward from its junction with Garlock fault. 

Finally, if the principal force was produced by batholithic elonga- 

5° Miller, ““Geomorphology of the Southern Peninsular Range of California,”’ Bull. 
Geol. Soc. Amer., Vol. XLVI (1935), pp. 1546-49. 

st “Geological Reconnaissance across Sierra Pedro Martir, Baja California,” Bull 
Geol. Soc. Amer., Vol. XLIX (1938), pp. 1325-27 and PI. 7. 
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tion in Lower California, how is the fact that most of the shearing 
movement along the San Andreas fault occurred during Quaternary 
time explained? The writer has long been an advocate of very slow 
cooling of large bodies of plutonic magma, but it is difficult to con- 
ceive of such a process continuing, even with increased activity, from 
late Jurassic or Middle Cretaceous time to the present day. In the 
Peninsular Ranges of southern California the batholithic intrusions 
are not younger than Middle Cretaceous. In one part of Lower Cali- 
fornia, Woodford and Harriss* show that important intrusive bodies 
cut Lower Cretaceous rocks and that they may possibly be of late 
Cretaceous age. In any case at least 50-75 million years have passed 
since the batholiths were emplaced. In a recent letter to the writer, 
Dr. Willis stated that the solid cover of the Lower California batho- 
lith may have been remelted by heat generated through radioactive 
processes. If so, the above criticism of the time factor may lose 
much or all of its force. 

The writer will now set forth his general explanation of most of 
the numerous fault features described in preceding pages of this 
paper. /t is believed that the principal force or pressure has come from 
the south and that it is still active. Direct action of this force, combined 
wilh its resolution into important northwesterly and northeasterly 
directed components, has produced both the fault and the fold structures 
of the general coastal region of southern California, including the San 
Andreas fault. Resistance of counter pressure from the north has been 
more or less effective. The most important structural features pro- 
duced by such application of pressure have been as follows: 

1. The profound, master, northwesterly trending, essentially 
vertical San Andreas fault zone. 

2. Horizontal shiftings or dislocations producing offsets of miles 
(maximum probably at least 25 miles) along the San Andreas fault, 
including the extensive offset of the Transverse Ranges where 
crossed by the San Andreas fault. 

3. Horizontal movement, principally toward the northwest on the 
ocean side of the San Andreas fault, and involving much, if not all, of 
southern California on that side. 


? [bid., pp. 1328-30. 
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4. Development of various other large and small, northwesterly 
trending faults (e.g., San Jacinto and Elsinore) involving similar 
movements, especially in the region on the ocean side of the San 
Andreas fault because this whole northwesterly moving earth- 
block has been so strongly affected by both horizontal shifting and 
compressive stress. 

5. The two important bends in the San Andreas fault—one oppo- 
site the Tehachapi Mountains and the other opposite the San Ber- 
nardino Mountains—caused by application of extra pressure from 
the south, or by more localized crowding, at those two places. 

6. The conspicuous westward bending of the Tehachapi Moun- 
tains mass, including both the Sierra Nevada and Kern Canyon 
faults, caused by local application of extra pressure from the south 
aided by a strong drag effect of the northwesterly moving block on 
the south side of the San Andreas fault. 

7. Several miles of southwestward shifting of the region on the 
northwestern side of the Garlock fault caused by the forces just men- 
tioned under No. 6. 

8. The great, relatively downsunken, and not so profoundly 
faulted, Mohave Desert wedge left between the horizontally 
shifting and uprising earth-blocks on the southwest and northwest 
sides of the San Andreas and Garlock faults, respectively. 

9g. Development of both normal and thrust faults, but almost 
exclusively those with steep to vertical dips. This is particularly 
true in the general coastal region where not only the grand-scale 
northwesterly shifting, accompanied by compression, has occurred 
en masse, but also northwesterly shifting of large and small earth- 
slices under compression between faults, resulting in torsional stress. 
Frictional drag, and variable resistance of material to the hori- 
zontal movements, have played their part. Thus strong vertical 
forces also have been developed. Bailey Willis has said that “fauiis 
with high dip require the action of vertical forces in combination 
with horizontal [compressive] forces. .. . . Horizontal pressure alone 
will always produce a fault of dip less than 45°.’’s 

53 ““Tyynamics of Faulting and Folding,” Bull. Geol. Soc. Amer., Vol. XXXIV (192 


p. 55. 
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10. Vertical movements, ranging to many thousands of feet, 
along the steep-dipping faults caused by the forces described under 
No. 0. 

11. The general prevalence of northwesterly trending faults and 
folds in the coastal region of California. A pre-Cenozoic north- 
westerly structural trend exercised a directive control when the 
great Cenozoic pressure from the south operated—the faults result- 
ing from the northwesterly (shearing) component of that pressure, 
and the folds from the northeasterly (compressive) component of 
that pressure. 

12. The prevalence of east-west fault and fold structures in the 
belt of the Transverse Ranges because a strongly developed east- 
west structural zone, crossing the general northwesterly trending 
coastal structure, existed before the great Cenozoic faulting and 
folding began, maintaining itself and controlling most of the addi- 
tional structures (folds and faults) impressed upon it during the 
Cenozoic by direct action of the great pressure from the south. 

13. General lack of horizontal shifting along east-west faults in 
the region of the Transverse Ranges because such faults were there 
produced by direct action of the great pressure from the south 
without producing important east-west shearing and torsional strain. 

14. The limitation of the comparatively few known low-angle 
thrust faults to the belt of Transverse Ranges where such faults trend 
east-west, and where the pressure from the south acted directly 
without producing important horizontal shearing. 

15. The general lack of important horizontal movements on faults 
in the large region extending from the western Mohave Desert to 
the Colorado River because such movements have been confined 
largely to the great northwesterly moving block on the ocean side 
of the San Andreas fault, and the shearing of large and small slices 
within it. 

16. Warping, buckling, or uneven elevation (including pivotal 
faulting) of many of the long, narrow, northwesterly trending fault 
blocks, or parts of them, by uneven northwesterly migration of 
such blocks. Frictional drag and variable resistance of material 
played their part. 
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17. Deformation or warping of various fault surfaces by the com- 
pressive forces involved, steep normal faults in some cases having 
been changed to high-angle, indipping thrust faults. 

18. Deformation of relatively weak strata, mainly by folding, 
adjacent to faults, but also where they occur well within fault blocks, 
by the compressive forces involved. 

19. Deformation of relatively rigid crystalline rocks, mainly by 
extensive fracturing or shattering, principally along and near faults, 
but also throughout small and large fault blocks of such rocks, most 
conspicuously within those adjacent to the great San Andreas fault. 

20. Development of generally much less important tensional 
stresses, causing the numerous, but usually less profound, high- 
angle normal faults throughout southern California, especially those 
trending north-south and east-west. The northern part of the San 
Gabriel fault seems to be a striking exception to this rule. 














TECTONICS OF THE RHYOLITE IN THE MAMMOTH 
EMBAYMENT, CALIFORNIA 


J. R. CHELIKOWSKY 
Kansas State College 
ABSTRACT 

The Mammoth embayment, a downfaulted block along the eastern slope of the 
Sierra Nevada, is surfaced in part by a large rhyolite field made up of curved ridges and 
irregular domelike masses of lava. The extrusions responsible for this landscape welled 
up from numerous fissures that traversed the embayment floor. 

lhe fissure pattern, as revealed by the flow structure of the rhyolite, shows a dis- 
cordant relationship with the regional fracture system. It is believed that this dis- 
cordancy was caused by a northwestward horizontal shift of the Sierra Nevada, sub 
jecting the embayment to clockwise torsion. 

he similarity of the structural pattern of the rhyolite to the whorl-like flow struc 
tures in portions of the Sierra Nevada pluton suggests a similar mode of origin. 


INTRODUCTION 

The Mammoth embayment, so named after the village of Mam- 
moth Lakes in eastern California, is a downfaulted block roughly 18 
miles east-west by 10 miles north-south. The western portion of this 
sunken block extends as a deep re-entrant into the Sierra Nevada 
front and is responsible for the steep escarpment slopes that tower 
above Mammoth Village on all sides except the northeast. The head- 
waters of the Owens River originate along the northern and western 
margins of the embayment. Fourteen miles to the north of the vil- 
lage in a similar structural basin lies Mono Lake, while 40 miles to 
the southeast is the town of Bishop. The rhyolite (Fig. 1) occupies 
the central third of the embayment. 

It seems to be the general impression that because siliceous melts 
are very viscous they should form domelike central protrusions, or if 
erupted from fissures they should form spreads of fragmental tuff. 
Tuff deposits' apparently erupted from fissures have been described 
in areas to the north, east, and southeast of Mammoth embayment, 
while from the northwest a chain of north-south trending domes’ 

*C. M. Gilbert, “Welded Tuff in Eastern California,” Bull. Geol. Soc. Amer., Vol. 
XLIX (1938), pp. 1829-62. 

? E. B. Mayo, L. C. Conant, and J. R. Chelikowsky, “Southern Extension of the 
Mono Craters, California,” Amer. Jour. Sci., Vol. XXXII (1936), pp. 81-97 
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extends into the embayment area. West of these domes are several 
basaltic cinder cones and massive flows of andesite. Almost com- 
pletely surrounded by these volcanic forms are the rhyolite eruptions 
shown in Figure 1. They are siliceous extrusions of the fissure type 
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but are not tuffaceous in character. They are true lavas and only 
locally grade into fragmental obsidian or pumice. 

At the suggestion of Dr. E. B. Mayo, the writer undertook a 
structural mapping of the rhyolite field. The objectives were to de- 
termine the nature of the eruptions and their relation to the regional 
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tectonics. The writer is indebted to Dr. Mayo for making the inves- 
tigation possible and for his helpful suggestions and criticism of the 
manuscript. 

MORPHOLOGY 

The landscape of the rhyolite field consists of curved ridges and 
irregular isolated masses of lava. These topographic forms are the 
result of lava extrusions from hundreds of fissures that traverse the 
embayment floor. The ridges, which dominate the landscape, were 
probably formed by upwellings from the more prominent fissures. It 
is thought that these primary forms have not been modified very 
much by erosion because the rhyolite is relatively young, perhaps as 
recent as late Pleistocene (Fig. 5), and is of a rather dense stony 
variety. 

Most of the curved ridges trend northwest-southeast and are con- 
vex toward the southwest (Fig. 2). They are 1-4 miles long, and 
some are as much as a mile wide. A large domelike mass occurs in the 
northwest part of the area, and another in the northeast. The former 
is isolated from the rest of the rhyolite by Dry Creek and basic lava 
flows. Both domes are craggy and are elongated east-west. An ir- 
regular mass, like a huge shield with many summit knobs, covers an 
area of 5 square miles in the southeastern portion of the embayment. 
On this shield many small ridges and knolls have no definite trend. 

lhe major ridges and intervening valleys are approximately equal 
in cross section. The low points of these valleys are about 7,400 feet 
in elevation, while the hilltops may average 8,100 feet. The shield to 
the southeast, however, averages only 7,200 feet, which is but slight- 
ly more than too feet above the flat-lying Pleistocene lake beds. The 
average slope of the rhyolite ridges is 1,400 feet per mile or approxi- 
mately 15°. The maximum relief from the lake deposits to the high- 
est ridge is about 1,700 feet. 


THE RHYOLITE 
lhe rhyolite is stony and usually lacks phenocrysts of any kind. 
It is coffee brown to tawny in color except where bleached by 
solfataric action or where numerous pumice inclusions give it a 
grayish cast. Locally the stony rhyolite gives way to a frothy type 
which may include 50 per cent or more of small obsidian fragments. 
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Patches consisting entirely of obsidian fragments are also common, 
but such outcrops because of their fragmental character do not form 
prominent ridges. Red oxidized layers occur locally in the obsidian. 

On the map (Fig. 2, indicated by X’s) and in the photograph (Fig. 
3) there is shown a peculiar, crudely stratified deposit of pumice and 
ash. This deposit skirts the edge of a steep rhyolite ridge and is 
flanked by a deep trenchlike valley. The exact origin of this deposit 
could not be determined, but it is believed that it represents a type 





iG. 3.—Crudely stratified deposit of pumice and ash skirting the edge of a rhyolite 
ridge (see line of x’s, Fig. 2). 


of fissure eruption where the gas pressures so exceeded the cohesion 
of the lava that a blast of dust and ash was ejected. 

Throughout the area gas cavities or blowholes are exceedingly 
common. These range in size from those of ordinary vesicular lava 
to cavities as much as 3 feet in diameter. Areas containing an excep- 
tional number of gas cavities are shown on the map (Fig. 2). 

The black dots (Fig. 2) locate tower-like masses of rhyolite which 
rise anywhere from a few feet to as much as 20 feet above their 
bases. They consist of brecciated blocks of stony rhyolite evidently 
surrounded and rotated by more fluid material and extruded through 
more or less circular orifices. These towers record a late stage of vol- 
canic activity when lava eruption was confined to small local cen- 
ters. Figure 4 shows one of the towers and its blocky character. The 
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small blowholes seen below the uppermost block mark channels 
through which the last high-temperature gases escaped. 

From a vantage point on one of the higher hills it is an easy matter 
to follow the trends of the bleached zones, for wherever the rhyolite 
has been subjected to solfataric action it is almost white in color. In 





Fic. 4.—Tower-like mass of stony rhyolite showing its blocky character and some 
of the blowholes. A rhyolite ridge is in the background. 


these bleached zones the lava loses its dense stony appearance and 
becomes almost powdery in texture. Opalization is very common. 
Both the milky-white and the transparent-clear varieties can be 
found, although the milky variety is the more abundant. 

That the lava must have been extruded in a rather viscous condi- 
tion is indicated by the attitude and the extent of many of the extru- 
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sive sheets Some of them stand vertical for several feet before lop- 
ping off to the right or left. None of them extends very far beyond 
its point of origin. 

The temperature of the lava probably was not very high if the 
viscosity can be used as a criterion. It is interesting to note that, in 
the vicinity of Hot Creek where the rhyolite broke through and in- 
vaded the lake sediments (Fig. 5), the brecciated fragments en- 
gulied by the lava show no sign of having been assimilated. The 
same can be said of the numerous pumice inclusions elsewhere. 





Fic. 5.—Rhyolite invading Pleistocene lake beds along Hot Creek 


STRUCTURE OF THE RHYOLITE 

Since erosion was relatively unimportant in shaping the land- 
scape, a definite relationship exists between the rhyolite structure 
and the topographic forms. The largest topographic forms are the 
rhyolite ridges. The majority of them follow a northwest direction 
which is a very prominent structural trend in this area. Exceptions 
to this general direction are ridges 3 and 8 (Fig. 2) which trend 
west-northwest as stumpy ridges rather than as long narrow ones. 
Nearly all the ridges are curved. This is especially pronounced in the 
southern extremities of ridges 2 and 5 which veer to an easterly 
direction. The northern extension of ridge 1 swings eastward so that 
its continuation would approximately parallel the trend of No. 9. 
That these and other morphological features were controlled by the 
underlying structure is shown by the orientation of (1) the obsidian 


























































428 J. R. CHELIKOWSKY 
lenses, (2) the bleached zones, (3) the rhyolite towers, (4) the blow- 
hole areas and ash deposits, and (5) the flow planes in the rhyolite. 

All the obsidian lenses with but one exception—that in the north- 
west part of the field—parallel the ridges. Small patches whose elon- 
gation was difficult to determine were found oriented in a line 
paralleling the ridge. This applies in particular to the southern por- 
tion of ridge 5. In each of these instances the obsidian lenses were on 
the ridge crests. The above-mentioned exception seems to indicate 
a north-south control and may represent a northerly swing of 
ridge 3. 

Whereas vast floods of lava tend to distort or conceal the loci of 
eruption by uneven spreading, quiet gaseous emissions of the sol- 
fataric type reveal the structural controls by their bleaching action. 
Hence, the bleached rhyolite is of great significance in bringing out 
the fissure pattern. The bleached zones are far more extensive than 
the obsidian patches because obsidian represents nearly solid emis- 
sions from the largest channels, whereas solfataric action represents 
escape of the most tenuous fluids. The bleached zones confirm the 
northwest control, as indicated by the trends of the ridges, and also 
follow the more nearly west-northwest ridges. The turns at the 
southern ends of ridges 2 and 5, however, strongly suggest a swing to 
the northeast. This is best shown by the bleached zone of ridge 5 
which turns northeast in its southern extension to follow Hot Creek. 
The graceful arcs connecting the northwest with the northeast direc- 
tions indicate still another line of control. 

During the last stages of the vulcanism when the lava, for the 
most part, had already congealed, motion along existing fractures 
would result in a shattering of the frozen lava. This effect would per- 
haps be most pronounced at the intersections of fissures, thus afford- 
ing a channelway at those points for the lava, still molten at depth. 
It is possible that the towers are spinelike protrusions of these brecci- 
ated masses. While the exact origin of these towers is a matter of 
speculation, it can be definitely stated that they are structurally 
independent units and not purely a form produced by erosion. 
Hence, they should fit into the structural pattern, and they do so. 
They appear to fall into two directions which correspond well with 
the bleached zones. The northeast direction is indicated by those 
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that can be connected across ridges 1, 2, 4, 6, and 7. The northwest 
direction is not so evident because of an insufficient number of 
towers with that alinement. Blowhole patches seem to have similar 
orientations. They either parallel the ridges or are strung out in 
lines cutting them. While it is true that the fewer the points, the 
easier it is to mistake alinements, yet it will be noted under the dis- 
cussion of regional trends that the northwest and northeast direc- 
tions are prominent lines of weakness and tend to confirm what 
might otherwise be classed as an accidental selection. Furthermore, 
blowhole trends confirm these directions, and, since they are espe- 
cially well developed in the towers, the tower alinements are sup- 
ported by the same evidence. The trench from which the crudely 
stratified ash deposit (Fig. 3) might have been erupted has a north- 
west orientation. 

[he rough framework, upon which the more delicate internal 
flow structures of the rhyolite depend, consists of (1) northwest 
directions, (2) northeast directions, (3) west-northwest directions, 
(4) arcs connecting these, and (5) north-south directions. That the 
flow structures should reflect these controls seems a foregone conclu- 
sion, and yet the field evidence seems to indicate departures from 
the above rough pattern. These departures might be explained by 
any one, or combinations, of the following factors: (1) the irregular, 
sinuous lopping-over of extrusive sheets beyond the fissures, (2) de- 
flections caused by fluid lava encountering more viscous portions, 
(3) deflections caused by encountering solid irregularities in and out- 
side of the fissures, and (4) the existence of minor gashlike fractures 
associated with the dominant major controls and inclined to them. 

lhe first three factors require no additional control to explain the 
apparent lack of parallelism between flow layers and the basic struc- 
tural framework. It is to be expected that the sinuous twisting of 
the protrusion will cause differences in detail. The general structure, 
however, should reflect the basic framework and does so. Curved 
flow layers follow the arcuate courses of northwest ridges or break 
across them into northeast directions. Lobate arcs indicate a spread- 
ing and merging of northwest and northeast eruptions. In the shield- 
like mass in the southeast corner of the area, the northeast control 
seems the stronger, but because of a more complicated local spread- 
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ing this cannot be confirmed. The elongation of the shield indicates 
a north-south control. 

The fourth factor—gash fractures—represents an additional sec- 
ondary control. Such fractures may also explain the structural dis- 
crepancy exhibited by the flow-layer detail. Gash fractures form as 
the result of frictional resistance along a fissure. This would imply 
movement along the fractures of the basic framework to produce a 
set of tension fractures inclined to the major controls. The flow 
layers in the southern part of the block between ridges 2 and 5 seem 
to have this arrangement. They suggest a relative motion to the 
south for this block. However, in the northern portion of the same 
area and elsewhere, this relationship is not conspicuous, and its im- 
portance is unknown. 

In summary, it can be said that the rhyolite definitely represents 
a fissure type of eruption. It was extruded from northwest, north- 
east, west-northwest, north-south, and curved connecting fissures as 
indicated by the structural and topographic features. 


REGIONAL STRUCTURAL TRENDS 

If the basic structural pattern of the rhyolite is to be understood, 
it cannot be isolated from its surroundings. It is, therefore, neces- 
sary to discuss the outstanding structural features of the region. 

The flow pattern of the Sierra batholith (Fig. 1), formed in the 
Nevadian orogeny near the close of the Jurassic period, reveals the 
earliest regional controls. Thus, the northwest line is one of the old- 
est, as well as one of the most pronounced, structural trends of the 
region. Other early trends are indicated by the bulge of the Sierra 
scarp in the southeast corner of the map and by the flow lines north- 
west of the town of Mammoth. 

The bulged-out scarp indicates a northeast control, which is con- 
firmed by some of the flow lines within the bulge. The flow lines 
northwest of Mammoth suggest a north-south control which paral- 
lels the belt of the Mono craters immediately to the east. A west- 
northwest control is reflected by the trend of the southern contact of 
metamorphic rock in the southeast part of the map. It is apparent 
that the earliest regional controls that guided the emplacement of 
the batholith had northwest, northeast, west-northwest, and north- 
south directions. They not only guided the emplacement of the 
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batholith but apparently also influenced its subsequent joint-crack 
development, for the joint system consists of joint sets parallel to 
these earliest directions. 

Many volcanic cones are aligned with the regional fracture sys- 
tem. Due north of Mammoth are three andesitic centers of eruption 
in a line paralleling the northeast set of fractures. To the west of 
Mammoth along the crest of the Sierra Nevada are other andesitic 
cones aligned in a northwest direction. The Mono craters and their 
southern extension reflect the north-south trending set. Elsewhere 
on the map similar alignments can be found. 

[he northwest trending structures of the Sierra Nevada have been 
chopped off locally by the downfaulting which resulted in the forma- 
tion of Mammoth embayment. This downward displacement, in late 
Tertiary and early Pleistocene times, occurred along faults that fol- 
lowed the regional joint pattern. It is interesting to note here that 
the trends of the Mesozoic controls which guided the batholith and 
influenced the joint-crack development were later inherited by the 
late Cenozoic faults. The fault-plane intersections were responsible 
for the blocklike irregularities of the scarp surrounding Mammoth 
embayment (Fig. 1) and help to make evident the northwest and 
northeast controls. 

Since the flow structures in the batholith and the fracture pattern 
were developed long before the faulting occurred, they were un- 
doubtedly continuous across the gap which is now Mammoth embay- 
ment. The regional continuity is reflected by the fissure pattern, 
topography, and the flow structure of the rhyolite. However, in 
curving eastward, the southern extremities of some of the rhyolite 
ridges become discordant with the chopped-off flow lines south of the 
embayment (Figs. 1 and 2). New factors, connected with the under- 
ground movements and extension of the rhyolite, must have been 
responsible for this. 

he structure of the older crystalline rocks shown in Figure 1 has 
been taken from E. B. Mayo’s! and H. D. Erwin’s* work. The angles 


“Some Intrusions and Their Wall Rocks in the Sierra Nevada,” Jour. Geol., Vol. 
XLIII (1935), pp. 673-80; “Sierra Nevada Pluton and Crustal Movement,” ibid., 
Vol. XLV (1937), pp. 169-92. 

“Mesozoic Geology of the Ritter Region, Sierra Nevada, California,” Jour. Geol., 
Vol. XLV (1937), pp. 391-413. 






























432 J. R. CHELIKOWSKY 


of dip of the flow planes were omitted since they were not necessary 
in a map showing general trends only. Most of the dips were in 
excess of 60°. 

INTERPRETATION OF THE PATTERN 

That modification of the regional trends within the rhyolite field 
has occurred is indicated by the departures of the rhyolite structures 
from the flow pattern of the Sierra Nevada pluton immediately to 
the south. It is possible that this discordant relationship, as well as 
the contorted and draglike appearance of the rhyolite (Fig. 2), was 
brought about in part by a northwestward horizontal shift of the 
Sierra Nevada. It doubtless also resulted in part from local mag- 
matic control in this center of volcanic activity. 

Experimentation’ has shown that tension cracks will develop at an 
acute angle to a shear plane. An arrow paralleling the shear plane 
and pointing into the acute angle will give the relative direction of 
motion for that side. The north-south tension cracks along which 
the Mono craters are located make such an acute angle with the 
northwest regional trend. Thus, if the experimental analogy is ap- 
plicable, the Sierra Nevada pluton has shifted to the northwest. 
This opinion has been advanced by H. Cloos,° Mayo,’ and others. 
While it is true that en echelon tension cracks can be produced in 
other ways than by horizontal shear,® it is the only kind of move- 
ment that will account for both the north-south controls and the 
curved or draglike structures of the rhyolite. 

The regional trends which at one time must have been continuous 
across Mammoth embayment have northwest, northeast, north- 

W. J. Mead, ‘‘Notes on the Mechanics of Geologic Structures,” Jour. Geol., Vol 
XXVIII (1920), pp. 505-23; W. Riedel, “Zur Mechanik geologischer Brucherscheinun 
gen,” Centr-Bl. f. Min. etc., Abt. B, No. 8, pp. 354-68; and E. Cloos, “Feather Joints as 
Indicators of the Direction of Movements on Faults, Joints and Magmatic Contacts,’ 
Proc. Nat. Acad. Sci., Vol. XVIII (1932), pp. 387-95 

“Bau und Bewegung der Gebirge in Nordamerika, Skandinavien und Mitt 
europa,” Fortschr. d. Geol. u. Paldont., Band VII (1928), pp. 271-72. 

Sierra Nevada Pluton . . ” op. cil., pp. 187-92 

* Theodore A. Link, ‘En Echelon Tension Fissures and Faults,” Bull. Amer. A sso¢ 
Petrol. Geol., Vol. XIII (1929), pp. 627-43; R. E. Sherril, “Origin of the en Echelon 
Faults in North Central Oklahoma,” Bull. Amer. Assoc. Petrol. Geol., Vol. XIII (1929) 


pp. 31-37; and Lyndon L. Foley, ‘‘Mechanics of the Balcones and Mexia Faulting,” 
Bull. Amer. Assoc. Petrol. Geol., Vol. X (1926), pp. 1261-69. 
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south, and west-northwest directions (Fig. 6). Major shearing has 
occurred in the northwest direction. Assuming that a northwest hor- 
izontal shift did take place, one can easily explain the complex struc- 
ture of the rhyolite. The nature and results of the shifting are illus- 
trated by Figure 6 and 7. 

Figure 6 represents diagrammatically the regional fracture system 
before northwest dragging occurred, while Figure 7 shows the after- 
effect. The differential northwestward movement of blocks A, B, C, 
and D (Fig. 7) has caused all transverse fissures to be bent into 




















— x -_ i <x = 
“~ 6 " 4 ~ | 
. \ 6 
\ q 5. rr i 
x \ N | 
= | 
eee Oe \ 3 -- 
——.___..__} SZ re " ‘ ‘ J | 
—_—” -—- = = ° * | 
2. \ ies | 
. ." ‘ 2) : } 
1 “ \ N~ ‘ . | 
x \ \ yo ‘J i } 
K ‘ x | Se. ‘ ‘ 
rN \ 3 | Tn ee J x a 
wm N 4 - | \ — ‘ Xo git 
§ x mn ‘ . x a 
xX ~— ‘\ 
% | \ N a r es - 
\ : . 3 . 
; UN 1 "i — 
NX \ \ ® —_ be 
\ = 
A + “he eo: i” 
tS ~ 4 eS ms 
\ 1 s A 
x > ~ {~ 
‘ xy 
\ \ . . 
\ \ A VA 
\ N | ‘ 
N\ | > 
K. | . 
— —— >. = 
Fic. 6 Fic. 7 
Fic. 6.—Generalized diagram showing the regional fracture system of the embay- 


ment before shearing. The numbered fissures correspond to the ridges shown in Fig. 2. 


ric. 7.—Generalized diagram showing the drag effect of shearing on the embay- 


ment fracture system. The major shearing was parallel to the northwest fissures with 
minor motion along the west-northwest cracks. The lettered arrows indicate the rela- 
tive movement that has occurred between adjacent segments. The solid-line portions 
of the fracture system simulate the flow pattern of the rhyolite (Fig. 2). 


S-curves. Since the relative northwest motion of A was the greatest 
and that of D the least, the drag effect should be best developed 
between blocks A and B. Add to this the minor shearing which must 
have taken place along the west-northwest fissures, and a drag pat- 
tern similar to the one diagrammed would result. The net effect of 
this differential slicing is equivalent to bending the south ends of all 


north-south fractures to the west. Northeast and west-northwest 
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trends would be bent northward, making broad arcs with the re- 
curved north-south lines. The lobate flow structures in the south- 
western part of the area (Fig. 2) illustrate this nicely, and, since the 
relative displacement of the sliced blocks decreases to the east where 
the horizontal shifting dies out, the arcs should be best developed in 
the west. Clockwise rotation imposed upon the entire embayment 
would curve the upper ends of the northwest slices to the east so that 
the resulting structures present a convex side to the southwest as 
indicated by the rhyolite ridges (Fig. 2). The effect of thinning in 
blocks B and C by stretching and bending would be a rotation of the 
transverse S-curves toward parallelism with the northwest shears, 
while in the northeast part of the field, where drag was less severe 
because of its remoteness from the zone of greatest shifting, the basic 
framework would show a minimum of distortion. 

It is possible that the shieldlike mass of rhyolite in the southeast 
is the pivotal point of the rotational stress. If so, its structure should 
be different from the intensely sliced areas and should show a 
minimum of shearing. This is apparently true, because in this area 
a north-south control is indicated by the general elongation and a 
northeast control is suggested by the majority of flow lines. 

Since the horizontal shifting with clockwise rotation appears to 
fit the requirements of this structural problem, the writer tentatively 
adopts it in explanation of the contorted structural pattern of the 
rhyolite. 

CONCLUDING REMARKS 

Little has been said regarding the departure of the rhyolite ridges 
from the flow pattern of the lava. It will be noted (Fig. 2) that the 
ridge crests do not follow individual flow layers. In fact, some of the 
flow planes actually make a right angle with the crest line. There are 
three possible explanations for this. It is possible that shear zones 
aid in the localization of magma through its generation by frictional 
heat. If so, the greatest extrusions should be from the northwest 
and west-northwest fractures along which shearing was most pro- 
nounced. But where the shear surfaces were held tightly together, 
it is possible that the lava was extruded from the open transverse 
fissures where they cross the zone of shearing. This theory fits the 
case, except for the obsidian patches which parallel the ridge crest. 
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Perhaps these represent irregular openings such as are bound to oc- 
cur along any shear zone because of initial irregularities. 

A second possibility is faulting. Upthrusting of the ridges or a sub- 
sidence of the intervening areas would give the ridges their inde- 
pendence of the flow structure. That faulting has occurred in the 
embayment is quite probable. The trenchlike valley that flanks ridge 
6 (Fig. 3) suggests this. 

The third possibility, erosion, is not very likely because of the 
time factor. The valleys are much too large to have been formed 
since the Pleistocene. 

The contorted structure of the embayment somewhat resembles 
the whorl-like flow pattern of the bulged-out pluton in the south- 
eastern part of the map (Fig. 1). Mayo? has called attention to this 
similarity. It is possible that this portion of the pluton was also sub- 
jected to torsion at one time. 

It is believed that the early expulsion of the great volume of basic 
lavas, together with the material of the welded tuffs,’® which are 
disposed on three sides of the basin, led to the collapse of what is 
now Mammoth embayment." The cooling of the early basic erup- 
tions strengthened the initial weak zone along which the collapse 

occurred and shifted the site of later activity farther to the east. 
Subsequent vulcanism accompanied by a northwestward horizontal 
shift of the Sierra Nevada mass caused the weak central portion of 
the embayment to yield and become intruded by the rhyolite in the 
manner described. It is therefore not surprising that the rhyolite fis- 
sure eruptions should have occurred in the central, most twisted part 
of the embayment. 
9 “Sierra Nevada Pluton...., ” op. cit., p. 184. 10 Gilbert, op. cit. 
" Howell Williams, “The Caldera Problem,” Proc. Geol. Soc. Amer. Cordilleran 
Branch (1937), Pp. 257. 





































METAMORPHISM OF SEDIMENTS OF THE DEEP WELL 
NEAR WASCO, CALIFORNIA, AND OF THE DEEPLY 
BURIED EOCENE SEDIMENTS NEAR VENTURA, CALI- 
FORNIA. 

JOHN B. LYONS 
Harvard University 
ABSTRACT 


Studies of sediments from the world’s deepest drill hole (15,004 ft.) at Wasco 
California, have shown that recrystallization of kaolinite is the only metamorphic 
effect produced by the subjection of the sediments to pressures ranging up to 55,000 
pounds per square inch and temperatures up to 145° C. Similar sediments from the 
Ventura Basin, California, which have been even more deeply buried, have only 
minor amounts of sericite, chlorite, and epidote as metamorphic products. These data 
point to the inefficiency of load metamorphism in some of our Cenozoic strata. 


INTRODUCTION 

Situated in the floor of the south central San Joaquin Valley, 
California, is the deepest drilled and the second deepest producing 
oil well of the world. Here a low anticline of Pleistocene and Pliocene 
sediments, coupled with favorable evidence from surrounding fields, 
suggested the possibility of oil at depth. The Continental Oil Com- 
pany drilled two wells at Wasco, the second of which in August, 
1937, reached a depth of 15,004 feet and produced oil with a maxi- 
mum rate of flow of 3,385 barrels per day. The two producing hori- 
zons are the Oclese sand of the Upper Miocene at 11,500 feet and the 
top of the Middle Miocene Rio Bravo sand in the Temblor formation 
at 13,150 feet (the second deepest oil-producing horizon of the 
world). Samples of cores from various depths in the hole have been 
made available to the author, and it is upon a study of these that this 
report is based. Because the temperature, pressure, and depth of 
burial of the sediments are accurately known, it has been attempted 
in the following pages to relate these factors to the problem of meta- 
morphism and to point out, in a small way, their possible effects on 
the potentialities of petroleum at greater depths. 

To study further the effect of the depth of burial on the meta- 
morphism of sediments, a group of rocks from the Ventura Basin 
were likewise examined. These rocks came from a horizon that has 
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about 40,000 feet of stratigraphically overlying sediments in the 
carefully studied section, but because of lateral variations in thick- 
ness and unconformities the actual depth of burial is uncertain. Pro- 
fessor P. F. Kerr,’ of Columbia, who studied and has written upon 
the formations and the area from which the samples were collected, 
estimates that the base of the Eocene (the horizon under investiga- 
tion) has, at one time, been buried to a depth of at least 15,000 or 
20,000 feet and probably much more. 

In the Wasco field the sediments around the anticline dip at angles 
of less than 5°, so that the effects of dynamic metamorphism are, 
obviously, negligible. The beds at Ventura, on the other hand, dip 
as much as 40°, but evidence here indicates that dynamic effects are, 
likewise, of little consequence. 


SEDIMENTS FROM WELL NO. K.C.1.A.-2 

The Eocene to Recent strata encountered in the drill core near 
Wasco are evenly bedded limy and carbonaceous shales and arkosic 
sandstones derived from granodiorites and andesites. The source of 
these sediments is uncertain, but it is probable that the Jurassic in- 
trusives and Tertiary rhyolites in the Sierra Nevada to the east and 
the Miocene volcanics to the west furnished the materials. 

Quartz is the most abundant of the minerals composing the strata 
at Wasco, in some specimens constituting three-quarters of the com- 
ponents of a given bed. It has a tendency among the deeper and also 
among the coarser sandstone strata to exhibit undulatory extinction, 
but because this phenomenon is not universal it is probable that the 
quartz was strained previous to its deposition. 

Microcline and orthoclase are present in all the rocks, but ordi- 
narily in quantities not exceeding 10 per cent each, unless tuflaceous 
fragments are present. Plagioclase is, on the other hand, relatively 
abundant, in many specimens totaling 35 per cent of the total rock 
volume. Its composition varies from an almost pure untwinned al- 
bite (Ab,;An,) to andesine (Ab, .An,,.). Albite, orthoclase, micro- 
cline, and andesine may be present in the same arkose. 

Sericite is a common primary mineral and occurs to the extent of 
10 per cent as contorted crystals or as fine flakes in the matrix. Gen- 
erally the flakes lie parallel to the bedding, but whether the orienta- 


' Verbal communication. 
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tion of the mica took place during the deposition of the material or 
was caused by the load of the overlying sediments cannot be deter- 
mined. The marked tendency of the sericite to form in the plagio- 
clases and to leave the potash feldspars unaltered is conspicuous. 
Such sericite is, however, apparently primary, there being no good 
evidence that it has been formed after the deposition of the rock 
minerals. 

Biotite is less abundant than sericite and is ordinarily found only 
in relatively fresh curved and contorted fragments. Chlorite (var. 
penninite), which is even less common, may be present in the same 
rock with biotite and, in a few cases, appears to have formed second- 
arily from that mineral. 

Calcite is present in some rocks and rare in others. It may be 
either disseminated throughout the groundmass or occur in shells of 
invertebrates. Inside these shells is a substance with a low birefrin 
gence which reacts to a chemical test for CaO and P.O; and whose in- 
dices vary from 1.540 to 1.630. Its composition is, very probably, 
close to that of collophane. 

Pyrite, magnetite, apatite, nontronite (?), zircon, titanite, tour- 
maline, and anatase (?) are minor accessories of many of the sedi- 
ments, pyrite generally being restricted to the shaly beds and the 
other minerals to the more arkosic types. Limonite, spread as a stain 
over many of the shales, is relatively abundant but, despite the prox- 
imity of suitable elements, fails to combine with them to form new 
minerals in the matrix. The evidence is not conclusive as to whether 
the small amount of epidote in some of the arkoses is primary or 
secondary. 

In the deeper shales the rocks become extraordinarily hard and 
tough, and the groundmass appears under the microscope to have 
been recrystallized. Because of this fact especial attention was given 
to its determination. From an X-ray powder photograph of an im- 
pure sample, as well as from optical data, this has been found to be 
recrystallized kaolinite. In Table 1 are given the data determined 
for this mineral, together with those published by Ross and Kerr? for 
kaolinite and montmorillionite, in order that the basis of the deter- 
mination may be apparent. The kaolinite is, it is believed, a product 

2C. S. Ross and P. F. Kerr, “The Kaolin Minerals,” U.S. Geol. Surv. Prof. Paper 
165-E (1930), pp. 151-76. 
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i of the surface alteration of feldspathic rocks which has been partly 
reoriented by the effect of rock pressure and temperature. 

Besides the minerals just mentioned, solidified asphaltites of vari- 
able indices were found in some of the sands and shales. It is possible 
that the release of pressure locally may have been sufficient to permit 


TABLE 1 


INDICES OF REFRACTION 


MoONTMORIL 





KAOLINITE UNKNOWN 
LIONITE 
Optics 
a1.50!1 a 1.478 
8 1.565 m—1.560-1.57 3 1.500 
y 1.500 Y 1.549 
| MonTMoRIL 
KAOLINITE UNKNOWN 
LIONITE 
Interatomic Spacings, in A° X10 (Calculated from 
Powder Photographs) 
4.400 4.023 492 
4.194 4.271 4.054 
3-614 3.5515 
3.424 3.518 
9.322 2.542 2.485 
2.004 1.999 
1.60000 1.6062 | 1.07 
- | 
1.2313 1.2254 | 1.295 


| 
| 
| 
| 


the escape of volatile components of the hydrocarbons. This process 
would naturally be assisted by the rock temperatures at depths of 
14,000 and 15,000 feet. 


POROSITIES AND PERMEABILITIES 
At various times during the drilling of this hole Schlumberger well 
logs were run, and porosities and permeabilities determined by 
electrical resistivity methods. The author also has made porosity 
determinations at the bottom of the core by obtaining, first, the 
density of the rock samples and then, by the use of a pycnometer, 
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the average densities of their minerals. To insure accurate rock den- 
sities the samples were first dried and then coated with paraffin, and 
in the use of the pycnometer care was taken to exhaust as much gas 
as possible. In column 1 of Table 2 are given some of the porosities 
and permeabilities obtained from the Schlumberger log, and in col- 
umn 2 some of the porosities determined pycnometrically. In mak- 
ing the determinations shown in column 2, the samples were first 
treated with carbon tetrachloride so that the volume occupied by the 
hydrocarbons has been considered as actual pore space. 


TABLE 2 


POROSITIES AND PERMEABILITIES 




















j 
DETERMINED BY SCHLUMBERGER LOG | DETERMINED BY PYCNOMETER 
Permeabil- 
. Porosity ity . Porosity 
Depth (Feet) (Der Cont) (Milli- Depth (Feet) tiie ae 
darcys) 
| 
oy : } 
11,610 9.8 2.8 | 13,423 14.2 
11,730 14.2 O.1 | 13,827 9.6 
12,720 17.1 1.6 | 14,083 6.7 
13,160 19.6 3.4 14,977 15.4 
13,430 16.6 1.5 | 14,991 ‘3 
13,652 7-6 | 1.25 || 15,000 3.8 
13,827 | 6.9 | 0.2 








In Table 2 those beds which are the least porous are either shales 
or limy shales and have undergone extreme compaction. The arkoses 
and sandstones, on the other hand, appear to have undergone only 
slight volumetric decreases. 

The permeabilities at the producing horizons are far lower than 
those ordinarily considered necessary to support oil production, and 
the conditions in this well suggest that “at great depths under high 
temperature and pressure our criteria for a productive sand must be 
lowered.’’’ This is an encouraging factor in our search for deeper pe- 
troleum production. 

PRESSURES AND TEMPERATURES 

Temperature readings were taken at various levels in the well, 

partly by the Schlumberger method and partly by fusible plug read- 


3 “Discovery of the Wasco Oil Field,” special publication, Continental Oil Co. 
(1938). 
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, — ' 
ings. Assuming an average of 145 C. for the readings near 15,000 


| feet and an average ground-water temperature at the surface of 
15° C., the temperature gradient is 0° 866 C. per 100 feet. This and 
the shut-in gas pressures are plotted in Figure 1, which is constructed 


from data obtained from an initial report on the well. 
This temperature gradient is the same as that normally encoun- 
tered in other sedimentary areas of Southern California. The gas 
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pressure, likewise, is approximately at its theoretical value, for with 
a column of water 15,000 feet high a gas pressure of 6,500 pounds per 
square inch is possible. Assuming an average density of 2.4 for the 
sediments of the drill core (the average of the readings obtained in 
the porosity determinations), the rock pressure at 15,000 feet is 
15,660 pounds per square inch. Despite these high temperatures and 
pressures, recrystallization of kaolinite is the only definite meta- 
morphic change in the minerals, with the exception of whatever small 
amount of epidote, chlorite, or sericite may possibly be secondary. 





The rocks are not sufficiently altered to be classed in Eskola’s green- 
schist facies. 
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SEDIMENTS FROM THE VENTURA BASIN, CALIFORNIA 


During the course of this study an examination has also been 
made of the Eocene formations of the Ventura Basin, California, 
which are, according to Kerr,’ part of a Cretaceous to Recent strati- 
graphic column 43,600 feet thick. These beds now crop out along an 
anticline exposed on the east wall of the valley. Kerr’ estimates that 
their depth of burial was somewhere between 15,000 and 40,000 feet. 

Mineralogically, these sediments are similar to those of the Wasco 
field and have been derived from both granodiorites and volcanics. 
There is, however, this distinct difference, that the epidote, chlorite, 
and much of the sericite are distinctly secondary in the Ventura 
rocks. The epidote crystallizes in numerous small grains from the 
groundmass of many of the sediments, while unstrained chlorite is a 
common alteration product around curved and contorted biotite 
flakes. The tendency of the sericite to segregate in large quantities 
near the plagioclases, to follow cracks cutting completely across the 
grains, and, in a few places, to stretch from one grain to the next is 
regarded as evidence of at least some secondary formation. 

Many of the quartz grains in the coarser sandy layers exhibit un- 
dulatory extinction, but the phenomenon is not universal, and prob- 
ably at least a part of the grains were strained before deposition. 

In the Ventura strata, if we assume the same gradients as at the 
Wasco field, the rock temperatures must have been between 145° C. 
and 361 C., the hydrostatic pressure between 6,000 and 17,000 
pounds per square inch, and the rock pressure between 15,600 and 
41,000 pounds per square inch. There is no way of accurately deter- 
mining these values, but their mean may be regarded as a fair and 
conservative assumption. Lack of circulation of water with depth 
is, however, very probable, as the restriction of metamorphism to the 
sandy horizons (where water could circulate more freely after being 
squeezed out of the shaly beds) apparently indicates. The lack of 
any further alteration is due, in all likelihood, to the failure of water 
with depth, the greater stability of minerals under high pressures, 
the possibility of organic fluids impeding reactions, sluggishness in 
obtaining equilibrium, and the fact that with both increasing tem- 

1P. F. Kerr et al., “Geology of the Ventura Quadrangle, California,” Bull. Geol. 
Surv. Amer., Vol. XLII (1931), pp. 186-87 (abst.). 


5 Verbal communication. 
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perature and pressure the tendency of one of these agencies to pro- 
duce extreme alterations is counteracted somewhat by the other. 
It is interesting to point out, in connection with this problem, that 
epidotization, sericitization, and chloritization are all processes 
which can be effected at relatively low temperature and pressure 
and ordinarily are extensively developed in low-grade metamorphic 
rocks. This, as well as the possibility that the heat generated in the 
folding may have been partly responsible for the rock alteration, 
tends to minimize the importance of static temperatures and pres- 
sures. 
CONCLUSIONS 

It has been recently pointed out by Rastall® that sedimentary 
beds in England once buried to a depth of 35,000 feet show little, if 
any, metamorphic effects. In this paper an attempt has been made 
to evaluate the process of load metamorphism relying upon the quan- 
titative data furnished by the world’s deepest oil well. It has been 
shown that the sandstones and shales of the deep well near Wasco, 
California, which were buried to a depth of 15,000 feet and heated to 
a temperature of 146° C. have undergone no greater metamorphism 
than the recrystallization of the clay material to coarsely oriented 
kaolinite and that the similar sedimentary beds from the Ventura 
Basin, which were buried to an even greater depth, carry only minor 
amounts of secondary epidote, chlorite, and sericite. The original 
sediments were rich in biotite, limonite, and plagioclase and should, 
presumably, have been easily altered, but the effects of high temper- 
ature and pressure have produced not even a weak green-schist 
facies. If metamorphism through load is ever effective, the time re- 
quired for the process must cover an entire geological era because of 
the obvious sluggishness of the chemical reactions. 
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6R. H. Rastall, ‘“‘Sedimentary Formations of Abnormal Thickness,” Geol. Mag., 
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WALDEMAR CHRISTOPHER BROGGER 
1851-1940 


Waldemar Christopher Brdégger was born in Oslo in 1851. His first 
studies emphasized zodlogy, but he turned to geology, at first in its 
paleontologic aspects, and then extended his investigations to nearly 
every aspect of geological science, those branches in which his work is 
best known, mineralogy and petrology, carrying him far from his earliest 
activities. In stratigraphy and paleontology he produced (1882) a thor- 
ough study of the early Paleozoic sedimentary rocks of the Oslo region. 
This treatise did not neglect the associated igneous rocks, and the investi- 
gations then initiated led to his great work, Die Eruptivgesteine des 
Kristianiagebiets. Beginning with detailed studies of the syenite pegma- 
tites, a rich storehouse of new and rare minerals, investigation of the 
igneous complex continued throughout his long life. The results appeared 
in a series of volumes which are milestones of progress in petrogenic the- 
ory. His determination of the relationships of the various igneous types 
led him to the concept of the Gesteinsserie, a permanent asset of petrology. 
While thus engaged, Brégger found time to make outstanding contribu- 
tions to glacial geology, which carried him into studies of ancient shore- 
lines and even into archeology. 

Such great versatility and productivity in science did not consume all 
of Brggger’s energies. He was at the same time a prominent public figure. 
Professionally he had begun as an assistant, later a Fellow at Oslo Univer- 
sity. In his thirtieth year he went to Stockholm as a professor, returning 
to Oslo in 1890 as professor of mineralogy and geology and becoming 
emeritus professor in 1916. In the meantime he served as president of the 
university from 1907 until 1911 and as a member of the Storthing from 
1906 until 1909. During this period he secured increased financial support 
for the university from the government. He was the driving force in the 
raising of various public funds for education and research, the most im- 
portant of which is the Nansen Fund, administered by the Norwegian 
Academy. 

Brggger’s worth was recognized not only at home but abroad. He was 
the recipient of many honors, among them degrees from Oxford, Cam- 
bridge, Heidelberg, and other universities, and membership in the Paris 
Academy of Sciences, the Royal Society of London, and the National 
Academy of Sciences. 
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An ardent patriot, Brdgger once told the writer of this note that it was 
his ambition that as many rock types as possible should be named for 
Norwegian localities. It were well if all patriotism took as innocuous a 


form. He died on February 17, 1940, and was thus mercifully spared the 


spectacle of his beloved country beneath the heel of a foreign conqueror. 


N. L. Bowen 








REVIEWS 


Principles of Economic Geology. By Wi1LL1AM H. Emmons. 2d ed. New 
York and London: McGraw-Hill Book Co., 1940. Pp. xix+529; 
figs. 329. $4.00. 

In the twenty-three years that have elapsed since the appearance of the 
first edition of this noteworthy volume, tremendous progress has been 
made in the field of economic geology. The second edition has succeeded 
in reflecting this progress while at the same time keeping the size of the 
work down to the convenient limits of the first edition. This has been 
accomplished in important part by substituting a profusion of discreetly 
chosen illustrations for detailed descriptions of mining districts. 

Chapter i, ‘“The Introduction and Classification of Mineral Deposits,” 
has been enriched by two very useful maps showing the broad distribu- 
tion of lode mineralization in the Western and Eastern hemispheres. 

Next, the principal genetic types of ore deposits are described, a chap- 
ter being devoted to each type. In each chapter a partial list of the char- 
acteristic minerals is given. In chapter ii, devoted to magmatic segrega- 
tions, the contrast between igneous masses such as Sudbury, in which 
the more basic members lie around the periphery, and deposits like those 
of the platinum and chromite ores of the Urals, in which the position of 
the more basic rocks is central, is clearly brought out, the former being 
the result of subsidence subsequent to gravity differentiation, while the 
latter is due to arching. Hydrothermal deposits are treated in three 
chapters under the headings of ‘‘“Hypothermal,” ‘‘Mesothermal,”’ and 
‘“‘Epithermal.”’ The descriptions of the hypothermal tin veins are use- 
fully supplemented by several excellent figures showing the geologic rela- 
tions of the tin deposits in Saxony and in the Erzgebirge. 

In chapter xi Emmons gives a masterly discussion of the “superficial 
alterations and enrichment of ore deposits,’’ an aspect of ore deposition 
to which he has himself made important contributions. Noteworthy also 
is a new chapter (xv) on the ‘‘Associations of Metalliferous Lodes and 
Igneous Rocks,” in which are succinctly presented many of Emmons’ 
most significant contributions to the science of ore deposits, contribu- 
tions that have been of notable value in exploration for metalliferous 
deposits. In this chapter also such fundamental concepts as zoning and 
metallogenic epochs are considered. 
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The first half of the book concludes with another new chapter on struc- 
tural control of epigenetic deposits in which is brought together much 
scattered information on an aspect of ore deposits that is of extreme 
practical importance. 

The second half of the book, as in the first edition, is devoted to a 
consideration of the metals seriatim, in which geologic occurrence is pri- 
marily stressed. Summaries of the geology of leading producing districts 
within and outside of the United States are given and are usually accom- 
panied by well-conceived maps and diagrams giving the salient geologic 
relations. 

A single chapter of thirty-eight pages on ‘‘Deposits of the Non-metals” 
treats this field in only a cursory fashion. The book is essentially one on 
the metals. 

In conclusion, the general order of treatment followed, in which the 
general principles of ore occurrence are first presented and the metals 
are later considered seriatim, has been followed by the reviewer for years 
in his own courses at the University of Chicago and seems to be a logical 
and workable arrangement. The book as a whole is an admirable text- 
book on metalliferous deposits on the senior or graduate-student level. 
rhe selection of material is discriminating, and its profuse illustrations 
show salient features unencumbered by useless details. 

E. S. BASTIN 


The Volcano-seismic Crisis at Montserrat, 1933-37. By FRANK A. PER- 
RETT. Washington, D.C.: Carnegie Institution of Washington, 1939. 
Pp. xii+76; figs. 51. 

This excellent report is strongly reminiscent of the one on similar 
studies of Santorin, in the Aegean Cyclades, recently reviewed in these 
pages. Montserrat is one of the northmost islands of the remarkable vol- 
canic island arc extending from St. Martin almost to Trinidad and well 
known through the eruptions of La Soufriére (St. Vincent) and Mont 
Pelée (Martinique). Taken as a whole, this group of islands shows mark- 
edly periodic seismic and volcanic activity, the intervals being about 
thirty years. The 1933 eruption here reported followed by thirty-one 
years the violent eruption of Pelée and St. Vincent in 1902. The Sou- 
friére Hills, the largest volcanic mass, is a crater in which are giant pitons 
or aiguilles resembling in general origin the famous spine of Pelée, their 
sides very steep, their centers at depth still partly liquid, the lava on their 
edges wrinkled by upthrust. In places lava flows are prominent, locally 
exhibiting gigantic gas vesicles, and gas thus imprisoned is believed to 
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have torn lava blocks off the main flow during the eruptions. Bombs, 
mud flows, and conglomerate flows are also well illustrated on the island. 

The writer visited Montserrat during the beginning of a shock period 
in 1934 and returned later to measure activity in the soufriéres, while 
anxiety increased on the island and especially in the little town of Ply- 
mouth, as shocks and gas eruptions became more conspicuous. The gases 
given off by the vents were H,S, a probable higher sulphide of hydrogen 
(of great theoretical interest), and CO, (though this was not conspicuous). 
The relative rapidity of emission of gases could be measured by the pitch 
of the resultant sound. Waters from hot springs and soufriéres were 
largely acid and contained S-ions. 

Earthquakes accompanying the volcanicity were carefully noted and 
are described in detail. The writer assigns their incidence at a given time 
to lunisolar influences. The earthquake centra were mostly at the inter- 
sections of presumptive tectonic lines extending from neighboring islands 
to Montserrat. The author believes that gas pressure is relieved by such 
shocks; the shocks themselves are assigned to the process of “gas-liquid 
magmatic differentiation,’ the concentration of the lighter vapor above 
the liquid through gravitative differentiation, a suggestion reminiscent 
of some previously made by Niggli. This gas cap is regarded as the 
spearhead of the advancing magma, with marked fluxing properties. 

Of unfavorable comments there are few. On maps there should be a 
statement as to whether contours are in feet or meters. The repeated use 
of the phrase “for volcanological reasons’’ has a touch of the soothsayer, 
which readers, accustomed to more careful justification for a statement, 
may hold suspect. The general geology of the island and the petrography 
of its lavas might well have merited a brief description, as vulcanology, 
though a field of science in its own right, is clearly allied to the distribu- 
tion of probable fault lines; so also, the gases lost through solfatara’s 
are clearly related to the subsurface rock, as is, indeed, beautifully illus- 
trated by the skilful variety of approaches used by the author himself. 
Aside from these possibly adverse criticisms this publication is an excel- 
lent one with stimulating and significant generalizations beautifully illus- 


trated. 
CHARLES H. BEuRE, JR. 





